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Description 

Background of the Invention and Related Art Statement 

5 [0001] The invention relates to treatment methods of glow-discharge plasma near the atmospheric pressure and 
apparatus thereof. 

[0002] Surface modification or treatment by applying glow-discharge plasma under a low pressure is known and has 
been practiced. However, the treatment under a low pressure is not advantageous for commercial application and has 
to be limited to the treatment of highly priced parts, such as electronic devices. More advantageous treatment methods 
10 which involve in discharging plasma near the atmospheric pressure have been proposed. For example, U.S. Patent 
No. 5,126,164 discloses methods to treat in the atmosphere of helium gas, and U.S. Patent No. 5,124,173 discloses 
methods to treat in the atmosphere of argon plus acetone and/or helium. 

[0003] These methods are restrictive due to the fact that they require to generate plasma in an atmosphere containing 
helium or acetone as the essential component. The process will be commercially disadvantageous because of the high 
is price of helium. Acetone can primarily be used in a hydrophilic treatment, because it would react with the surface being 
treated and give a hydrophilic finish. 

[0004] U.S. Patent No. 5,529,631 discloses an art of continuous web treatment under the atmospheric pressure in 
which air in the treating chamber is replaced by a desirable gas, such as helium, which is then continually supplied 
during the operation and the web is treated in this loosely sealed treating chamber containing the discharge-plasma. 
20 However, when the line speed exceeds 3m/min air is engulfed into the chamber and disturbs the electric discharge, 
making it difficult to obtain the expected result. 

[0005] International Patent Application No. WO 97/13266 (University of Tennessee Research Corporation) relates 
to a method for treating a surface of a substrate to improve its properties, in which a plasma is generated between 
electrodes in a working gas at around atmospheric pressure. However, the electrodes are not coated with a solid 
25 dielectric having a dielectric constant of more than 10 at 25°C. As noted later in relation to the invention, if the solid 
dielectric has a dielectric constant of less than 1 0, the'desired treatment may not be effected, whereas at higher values 
of dielectric constant a high density discharge-plasma and a quick surface treatment (or a fast continuous treatment) 
may be facilitated. 

[0006] An object of the invention to provide a stable method and an apparatus for surface treatment by electric 
30 discharge-plasma that is generated near or around atmospheric pressure. Another object of the invention to provide 
an effective method of plasma treatment for a wide range of gas atmospheres. A further object of the invention to 
provide a method and an apparatus of a glow- discharge plasma treatment for a continuously running web at a fast 
speed near atmospheric pressure. 

[0007] The invention provides a method of glow discharge plasma treatment comprising the steps of providing two 
35 spaced electrodes with opposed surfaces, at least one said opposed surface being covered with a solid dielectric, 
placing a substrate between said opposed surfaces, and imposing an electric field between the opposing electrodes 
at around atmospheric pressure, the electric field being pulse modulated, with an onset time of a pulse of the electric 
field of less than 1 00 microseconds, and a field intensity of 1 to 1 00 kV/cm, characterised in that the dielectric constant 
of said solid dielectric is 10 or more at 25°C. 
40 [0008] A schematic process diagram of the glow- discharge plasma treatment is shown in Figure 1 . 

[0009] In the apparatus of Figure 1, an upper electrode 14 is opposing to a lower electrode 15; a solid dielectric 16 
is placed on the lower electrode 1 5; and a substrate 1 7 to be treated is located on the solid dielectric. Glow-discharge 
plasma is generated in a space between the upper electrode 14 and the solid dielectric 16, when a specific electric 
field is applied between the electrodes 14 and 15. Gas atmosphere in the space for plasma is controlled by sending a 
45 treating gas through gas inlet pipes 18 and 19, so that various desired treatments can be achieved. 

[0010] In the present invention, the electric field imposed between the opposing electrodes is pulse modulated in a 
manner such that the onset time, preferably offset time as well, is less than 100 us, and the field intensity is 1 to 1 00 
kV/cm. 

[0011] It is known in the art that the glow-discharge is not maintained stably around the atmospheric pressure, but 
so transformed immediately into an arc discharge, unless a special atmosphere is provided by feeding a stabilizing gas, 
such as above mentioned helium or acetone. In the present invention, a stable glow-discharge is maintained because 
a specific pulse modulated electric field is applied. It is supposed in this case that a cycle is repeated in which the glow- 
discharge is cut before transforming into arc discharge and is started in the next instance. 

[001 2] In and around the atmospheric pressure, the method of this invention of imposing a pulse modulated electric 
55 field enables to maintain a stable glow-discharge for the first time without helium or acetone gas, in which the glow- 
discharge is maintained for a longer period of time before transforming into the arc discharge. 
[0013] The present invention does not choose any particular gas atmosphere and provides an electric discharge- 
plasma in the air. In the art, no matter whether it is processed under the low pressure or what kind of stabilizing gas is 
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used, it requires processes ccWIcted in a vessel totally isolated from air. But the presfnt invention provides open-to- 
air or non-airtight system. Furthermore, the pulse modulated electric field provides a high density plasma state which 
gives a significant advantage to the commercial continuous web treating process. 

[0014] The above-mentioned high density plasma state is attributed to the two principles involved in this invention. 

5 Firstly, the pulse modulated electric field having a field intensity of 1 to 1 00 kV/cm and a very steep impulse which has 
less than 100 u.s onset time, preferably offset time as well, efficiently excites the gaseous molecules in the space for 
plasma generation. Contrarily, a pulse modulated electric field having pulses of long onset or offset time (slow onset 
or offset) is equivalent to a series of graded electric field given in a sequence. It will first excite the molecules of low 
ionizing energy (low primary potential energy) and, when the higher energy arrives, the ionized molecules will further 

10 be excited to a higher level, thus lowering the efficiency of ionization of the molecules of higher potential energy. On 
the contrary, the steeply onset or offset pulse of less than 100 u.s would more uniformity and simultaneously provide 
energy to the molecules existing in the field, yielding more ionized molecules, i.e. higher plasma density. 
[001 5] Secondly, since this method provides stable plasma, molecules having more electrons than helium (i.e. having 
larger molecular weight (hereinafter MW)) may be selected as the atmospheric gas and, as a result, one can expect 

15 to have a high plasma density. 

[0016] As mentioned above, traditionally helium has been used as the atmospheric gas because of the long life of 
its ionized molecule, which results in the longer life of glow-discharge before transforming to arc discharge. But as long 
as the transformation to arc discharge can be prevented, it is better to use larger molecules which are more readily 
ionized and thereby increase the number of ionized molecules, resulting in a higher density of plasma. In the art, it 

20 was not possible to obtain glow-discharge plasma unless the atmosphere contains more than 90 % helium. The only 
exception is the discharge-plasma obtained by imposing a sine wave in an argon/acetone atmosphere, described in 
U.S. Patent No. 5,124,173. However it is doubtful if this process would be stable and commercially practical. ' 
[0017] In the present invention, a stable glow-discharge is obtained in a gas atmosphere, in which more than 50 vol. 
% is a compound having a higher MW than 10, which exceeds the mass number of helium. 

25 [0018] The atmospheric pressure mentioned above means a pressure range of 0.1 33 to 1 .086 bar (1 00 to 800 Torr). 
In the practice, it is preferable to use a pressure between 0.0933 to 1 .040 bar (700 and 780 Torr) because the pressure 
is easily controlled at this range by using simple devices. 

[0019] In the present invention, the plasma is generated by an apparatus having a pair of the opposing electrodes, 
v at least one of which is covered with a solid dielectric. The plasma emerges between the dielectric and the opposing 
30 electrode, or between the dielectric and the opposing dielectric depending on the case. 

[0020] The electrodes are.made of a metal, such as copper, aluminum etc., an alloy such as stainless steel, bronze 
etc., or an intermetallic compound. 

[0021] It is preferable that the pair of the opposing electrodes are designed so that the distance between them is 
approximately the same at all points in order to avoid arc discharge introduced by mal-distribution of electric field. 
35 Examples of the pair of the electrodes which satisfy this requirement are: parallel flat plates, paired cylindrical plates, 
paired spherical plates, paired paraboloidal plates and concentric cylinders. 

[0022] The solid dielectric is mounted on the facing surface of one of the above mentioned electrodes. It is tightly 
adhered to the surface of the electrode and covers the entire facing surface of the electrode, in order to avoid arc 
discharge at exposed spots. 

40 [0023] The solid dielectric may be plastics, such as polytetrafluoroethylene, polyethyleneterephthalate etc.; glass; 
metal oxide, such as silicon-dioxide, aluminum oxide, zirconium dioxide, titanium dioxide etc. or double oxide, such as 
barium titanate etc. 

[0024] Configuration of the solid dielectric may be sheet or film, preferably having a thickness of 1 0 micron to 8 mm. 
A high voltage is required to generate discharge-plasma, when the thickness is too large. Dielectric breakdown takes 

45 place when the thickness is too small. 

[0025] If the solid dielectric has a dielectric constant of 1 0 or higher, a high density discharge-plasma can be obtained 
at a relatively low voltage and a quick surface treatment or a fast continuous treatment can be performed. But if the 
dielectric has a dielectric constant of less than 10, a desirable treatment may not be performed. The upper limit of 
dielectric constant need not be specified. A material having a dielectric constant of 1 8,500 is known. The most preferred 

50 range of dielectric constant is 1 0 to 1 00. 

[0026] Materials having a dielectric constant in this range are metal oxides, such as zirconium dioxide, titanium 
dioxide etc. and double oxides, such as barium titanate etc. 

[0027] Titanates are known to have large dielectric constants. Titanium dioxide itself takes various value of dielectric 
constant depending upon the crystalline structure, e.g. the rutile type has a dielectric constant of about 80. A compound 
55 of Ti0 2 combined with at least one of the oxides of Ba, Sr, Pb, Ca, Mg and Zr usually has dielectric constant of 2,000 
to 18,500, though the purity and the crystalline structure affect the value. 

[0028] Titanium dioxide itself greatly changes its structure when heated. If it is heated in a reducing atmosphere and 
consequently has oxygen deficiency, its application would be much restricted. For example, when it is made into a film 
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by an ordinary method, it wou^rove a volume resistivity of about 1 0 4 a-cm, at which lercl arc discharge can be readily 
induced when the electric field is applied. To improve this tendency, it is recommended to add Al 2 0 3 to Ti0 2 . A metal 
oxide film consisting of 5 to 50 wt.% titanium oxide and 50 to 95 wt.% aluminum oxide, is thermally stable and has 
better electric properties. 

5 [0029] Therefore, it is highly desirable to specify that the above mentioned solid dielectric is a compound consisting 
of 5 to 50 wt.% titanium oxide and 50 to 95 wt.% aluminum oxide. 

[0030] The film of the above compound is thermally stable and has a dielectric constant of 10 to 14 and a volume 
resistivity of 1 0 10 n-cm, which is sufficient to prevent arc discharge. When the content ratio of aluminum oxide is less 
than 50 wt.%, the arc discharge tends to take place and if it exceeds 95 wt.%, the dielectric constant becomes to about 
10 7, making it necessary to apply a high voltage to initiate electric discharge. 

[0031] It is also desirable to have the solid dielectric in a form of covering a film of zirconium oxide having a thickness 
of 1 0 to 1 ,000 microns. The zirconium oxide, when used alone, gives a dielectric constant of about 1 2 and is suitable 
for generation of discharge-plasma at a relatively low voltage. It is a common practice to add yttrium oxide Y 2 0 3 , 
calcium carbonate CaC0 3 or magnesium oxide MgO, within 30 wt.% to zirconium oxide, in order to stabilize the corn- 
's pound against thermal expansion and contraction caused by a crystalline transformation. This practice is accepted in 
the present invention. The dielectric constant of this compound is decided by the added metal oxide and the crystalline 
structure, but it is desirable to maintain at least 70 wt.% of zirconium oxide. A desirable film of zirconium oxide containing 
4 to 20 wt.% yttrium oxide shows a dielectric constant of 8 to 1 6. 

[0032] The distance between the above mentioned electrodes is decided in consideration of the thickness of the 
20 solid dielectric, the magnitude of voltage to be applied, and the purpose of treatment etc. It is desirable to have a gap 
of 1 to 50 mm between the solid dielectric and the opposing electrode or the other opposing solid dielectric. A gap of 
less than 1 mm is not sufficient to place or carry the substrate to be treated, and a gap of more than 50 mm creates 
difficulty in getting uniformly distributed discharge-plasma. 

[0033] Figs. 2A-1 to 2A-4 shows waveforms of pulse modulated power voltage. Wave (1 ) and Wave (2) are impulse 
25 models. Wave (3) is a square model and Wave (4) is a modified model. Fig. 2 shows an alternating power voltage 
which repeats positive peaks and negative peaks alternately, though a power having all peaks and valleys in the positive 
range or all in the negative range is also used. 

[0034] The waveform of the pulse modulated power voltage is not limited to the examples shown here, but a short 
onset or offset time efficiently creates more ionization of the atmospheric gas. 
30 [0035] It is the important point of this invention to limit the onset or offset time of the pulse to less than 100 micro- 
seconds, because when they exceed 1 00 microseconds, the discharge state becomes unstable and tends to change 
to an arc. Although a very short onset time is desirable, the practical range is limited to 40 nanoseconds deriving from 
device capability. The best practical range is 50 nanoseconds to 5 microseconds. 

[0036] In this invention, the onset time is defined as the time in which the voltage continues to increase and the offset 
35 time as the time in which the voltage continues to decrease. 

[0037] The power wave can be modulated by superimposing another pulse wave having a different waveform, a 
different onset time or a different frequency. 

[0038] The desirable range of frequency of the pulse modulated electric field is from 0.5 to 1 00 kHz, preferably above 
1 .0 kHz. When the frequency is less than 0.5 kHz, the treating process takes a very long time and when it is more than 

40 1 00 kHz, an arc discharge tends to take place. 

[0039] Duration of pulse is preferred to be 1 to 1 ,000 microseconds. If it is less than 1 microseconds, the discharge 
becomes unstable and if it is over 1 ,000 microseconds, the discharge tends to transform to an arc. More particularly 
it is preferred to be 3 to 200 microseconds. The duration of pulse mentioned here is shown in Fig. 2B. It is the energized 
interval in a cycle of the pulse modulated electric field which alternates between an energized interval and a rest interval 

45 in a cycle. 

[0040] The discharge takes place by applying a high voltage. The voltage should be properly selected and for the 
discharge-plasma treatment under the atmospheric pressure, a voltage that will give a field intensity of 1 to 100 kvV 
cm is applied. If the field intensity is less than 1 kV/cm, the treatment requires a long time and if it is over 1 00 kV/cm, 
an arc discharge tends to take place. 

so [0041] A direct current potential may be superimposed on the pulse modulated electric field. 

[0042] The imposed electric field should be adjusted so that a preferred discharge current density of 0.2 to 300 mA/ 
cm 2 is obtained. In this range, a uniform discharge-plasma produces desirable treatment results. 
[0043] The discharge current density is defined as the current of discharge caused between the electrodes, divided 
by the area of discharge, perpendicular to the direction of the current. When the electrodes are parallel flat plates, it 

55 js the discharge current divided by the opposing area of the electrode. A pulse modulated electric field imposed between 
the electrodes would generated a pulse current. In the case of the pulse current, the discharge current density is the 
maximum value of the pulse current, i.e. the peak-peak value, divided by the above mentioned area. 
[0044] Electron density in plasma, so called plasma density, is commonly measured by the probe method or by the 
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electromagnetic wave method^rt near the atmospheric pressure, the discharge betwWn electrodes naturally has a 
tendency to become an arc discharge. Exact measurement is not expected by the probe method because the probe 
collects arc current at the time of measurement. It is also difficult to analyze plasma by the emission spectroscopy or 
the laser absorption analysis both using electromagnetic waves, because a sort of a gas in the field affects the reading. 

5 [0045] In the glow-discharge near the atmospheric pressure, the density of a gas is greater than that of the low 
pressure discharge. Therefore, the life of ion, i.e. the time span between ionization and re-bonding, is short and the 
average free path of electron is short. This is the reason why the glow-discharge space is limited to the gap between 
the electrodes. The electron in plasma will be directly converted to the current of electrodes. It means that the plasma 
density is reflected in the discharge current density. It can be mentioned that the electrode functions as a kind of probe. 

10 [0046] Fig.3 shows an example of a discharge-plasma generator that the inventors used and a circuit diagram for 
the measurement of discharge voltage and current. 

[0047] In the operation of this discharge-plasma generator, a pulse modulated electric field is formed by applying a 
pulse wave voltage in a magnitude of 1 kV between the opposing parallel flat electrodes 1 and 2 from the pulse power 
unit 3. On the opposing surface of the electrode 2, a solid dielectric 5 is disposed and a resister 1 0 is inserted in series 

*5 between the electrode 2 and a ground wire. Both terminals of the resister 1 0 are connected to an oscilloscope 8 through 
a BNC terminal 7. The discharge current is calculated from the measured potential difference between both ends of 
the resister 10, and its resistance value. The discharge voltage is measured by connecting a high voltage probe 9 to 
the electrode 1 , and then. to the oscilloscope 8 through another BNC terminal 7. The high voltage probe 9 reduces the 
potential difference to one thousandth, which is then measured by the oscilloscope through the BNC terminal. 

20 [0048] For this measurement, a high frequency oscilloscope of nanosecond reacting time was needed to read the 
very quick onset and offset of the discharge current induced by the pulse modulated electric field. An oscilloscope DS- 
9122 made by Iwasaki Communication Co. was used. The high voltage probe used for discharge voltage reduction 
was High Voltage Probe SK-301 HV made by Iwasaki Communication Co. The result of the measurement is shown in 
Fig. 4. Waveform 1 indicates the pattern of discharge voltage and Waveform 2 indicates the pattern of discharge current. . 

25 The discharge current density caused by the pulse modulated electric field is obtained by dividing the current (ampere) , 
converted from peak-peak value of Waveform 2, by the area of opposing surface of the electrode. 
[0049] In this invention, the above mentioned discharge current density of 0.2 to 300 mA/cm 2 is obtained by applying 
a specified pulse voltage between the opposing electrodes in the atmospheric pressure, yet with a large freedom in 
the selection of atmospheric gas, i.e. not choosing the sort of gas. 

30 [0050] The time needed for the glow-discharge plasma treatment is adjusted in consideration of the applied voltage, 
the sort and the composition of the treating gas, the quality of the substrate, the purpose of treatment etc. 
[0051] When the surface treatment of this invention is applied to low melting point materials, such as polymer ma- 
terials, it is desirable to adjust the discharge current density to the range of 1 to 200 mA/cm 2 depending on the thickness 
of the dielectric, the dielectric constant, the field intensity between the electrodes, the distance between the electrodes, 

35 the purpose of treatment etc. If the discharge current density is less than 1 mA/cm 2 , the discharge becomes unstable 
or the uniformly distributed glow-discharge is not generated, thus giving insufficient treating effect. If the discharge 
current density exceeds 200 mA/cm 2 , the substrate to be treated is exposed to a very dense plasma and could suffer 
thermal distortion or degradation. Therefore, in the treatment under the discharge current density of 200 mA/cm 2 or 
more, it is preferred to conduct the treatment in less than 5 seconds or by cooling the substrate. 

40 [0052] But if the substrate is a sheet of glass, silicon compound or other inorganic materials, cooling is not necessary, 
and on the contrary, heating may be helpful because it will promote the growth of thin film on the substrate. 
[0053] In case the substrate is a dielectric or has a rough surface, streamers could appear during the discharge and 
may spoil the substrate. This problem could be solved by periodically providing 1 to 1 0 millisecond rest intervals in the 
pulse modulated electric field. 

45 [0054] To provide rest intervals in the pulse modulated electric field, it is convenient to use another electric field 
having a frequency of 50 to 500 Hz and a duty ratio, i.e. Pulse Interval /(Pulse Interval + Rest Interval) of 20 to 70 %. 
[0055] If the duty ratio is less than 20 %, the treatment takes a long time to make the process inefficient, and if the 
duty ratio is over 70 %, the purpose of eliminating streamers would not be achieved. If the frequency is less than 50 
Hz, the treatment takes a long time to make the process inefficient and if the frequency is over 500 Hz, the purpose 

50 of eliminating streamers would not be achieved. 

[0056] Fig. 7 shows a block diagram of an example of a power source to impose the pulse modulated electric field 
and Fig.8 shows an equivalent circuit diagram. SW's in Fig.8 are semiconductor elements that function as switches. 
If a semiconductor element having a turn-on/turn-off time of less than 500 nanoseconds is used, it is possible to obtain 
a high voltage, high frequency pulse modulated electric field having a field intensity of 1 to 100 kV/cm and a onset/ 

55 offset time of less than 1 00 microseconds. 

[0057] The principle of the power source is briefly explained below with reference to the equivalent circuit diagram 
of Fig.8. 

[0058] +E is a positive DC power source and -E is a negative DC power source. SW1 to SW4 are switching elements 
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comprising the above mentiSPW high speed semiconductor elements. D1 to D4 aTKiiodes and ^ to l 4 show the 
directions of current. 

[0059] When at first SW1 is turned on, positive charge is carried in the direction of 1 1 and subsequently at the instance 
of turning-off of SW1 and the following turning-on of SW2, the charge is carried through SW2 and D4 in the direction 
of l 3 . Then, SW3 is turned on, following the turning-off of SW2, to carry a minus charge in the direction of 'l 2 . SW3 is 
then turned off and instantaneously SW4 is turned on to carry the charge through SW4 and D2 in the direction of l 4 . 
[0060] The above sequence is repeated to obtain out-put pulse in a waveform of Fig. 9. Table 1 shows the sequence 
of this process. 

Table 1 
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[0061] The advantageous point of this circuit is in the facts that the discharge is assured to take place by discharging 
the accumulated charge through the action of SW2/D4 or SW4/D2 and that the quick action of the switching elements 
SW1 and SW3 warrants a high speed charging. These facts enable to obtain pulse signals having a very short onset/ 
offset time as shown in Fig. 9. 

[0062] The surface treatment process will be explained in details below. 

[0063] The surface treatment of this invention is conducted by placing a substrate in a space between two opposing 
electrodes, at least one of the opposing surfaces thereof being covered with a solid dielectric, and exposing it to the 
discharge-plasma generated in the space. 

[0064] The substrate which can be treated successfully by the process of this invention, is selected from the group 
of plastics, such as polyethylene, polypropylene, polystyrene, polycarbonate, polyethyleneterephthlate, polytetrafluor- 
oethylene, acrylic resins etc.; glass; ceramics and metals. The configuration of the substrate is often plate orfilm, but 
is not limited to them because the present method can be readily applied to a substrate of various forms and shapes. 
[0065] The present method of the treatment provides any kind of surface modification, by properly selecting the gas 
atmosphere for the space of discharging plasma. (Hereinafter the gas is called treating gas*, whether or not diluted 
with an carrier gas.) 

[0066] If a fluorine containing compound gas is used as the treating gas, it is possible to obtain a water repellent 
surface owing to the fluoro-compound created on the surface which lowers the surface energy. 
[0067] The fluoro-compound is selected from the group of carbon, i.e. tetrafluoride (CF 4 ), hexafluoroethane(C 2 F 6 ), 
hexafluoropropylene (CF 3 CFCF 2 ), octafluorocyclobutane (C 4 F 8 ), other fluorocarbon compounds, monochlorotrifluor- 
ocarbon (CCIF 3 ), other halogen-carbon compounds, sulferhexafluoride (SF 6 ) and other fluoro-sulfur compounds. From 
the safety point of view, it is preferred to use carbon tetra-f luoride, hexafluoroethane, hexafluoropropylene or octafluor- 
ocyclobutane, all of which do not generate hazardous hydrogen fluoride gas. 

[0068] By using, as the treating gas, an oxygen containing compound, a nitrogen containing compound or a sulfur 
containing compound described below, the surface of the substrate can be modified to be hydrophilic, which add func- 
tional groups such as carbonyl, hydroxyl and amino groups which raise the surface energy. 

[0069] The above mentioned oxygen containing compounds are: oxygen, ozone, carbon monoxide, carbon dioxide, 
nitrogen dioxide; alcohols, such as methanol or ethanol; ketones, such as acetone and methyl ethyl ketone; aldehydes, 
such as methanal and ethanol. These can be used alone, or combined in two or more. Also, the above oxygen containing 
compounds can be used in combination with hydrocarbon gases, such as methane and ethane. 
[0070] The hydrophilic treatment is accelerated by adding less than 50 vol.% fluorine containing compound to the 
above oxygen containing compound. The fluorine containing compound is chosen from the above mentioned group. 
[0071] The above nitrogen containing compounds are nitrogen gas and ammonium gas. Hydrogen may be mixed 
with these compound. 

[0072] The above sulfur containing compounds are sulfur dioxide and sulfur trioxide. Sublimated sulfur may also be 
used. These can be used alone or combined in two or more. 

[0073] If the treatment is conducted in a gas atmosphere containing a monomer which has hydrophilic group(s) and 
polymerizable unsaturated bond(s) within the molecule, a hydrophilic polymer film can be deposited on the substrate. 
The hydrophilic groups are: hydroxy group, sulfonic group, sulfonate group, primary/secondary /tertiary amino group, 
amide group, quaternary ammonium salt group, carboxylic group and carboxylate group. A similar hydrophilic polymer 
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ii^n monomer which has a polyethylene glycol chain^ffie 



film can be deposited by usirr^T monomer which has a polyethylene glycol chain nffne molecule. Therefore, the 
unsaturated monomer is selected from the group of acrylic acid, methacrylic acid, acrylamide, methacrylamide, N,N- 
dimethyl acrylamide, sodium acrylate, sodium methacrylate, potassium acrylate, potassium methacrylate, styrene so- 
dium sulfonate, allyl alcohol, ally) amine, polyethylene-glycol di methacrylate, polyethyleneglycol diacrylate etc. These 
5 monomers may be used alone or combined in two or more. 

[0074] The above hydrophilic monomers are often solid. Vaporization is caused by dissolving them in a solvent and 
atomizing it under a low pressure. The solvent is methanol, ethanol, acetone, another hydrophilic organic solvent, water 
or a mixture of them. 

[0075] Inorganic thin film of metal oxide, metal nitride, metal carbide etc. is deposited on the substrate when a com- 
10 pound containing Si, 71, Sn or other metal is used as the treating gas, thereby providing some electronic or optical 
function to the substrate surface. 

[0076] The metal containing compound is: an organic metal compound, such as dimethyl silane Si(CH 3 ) 2 H 2 , tetram- 
ethyl silane Si(CH 3 ) 4 , or tetrad imethy lam ino titanium Ti(N(CH 3 ) 2 )4; a metal-hydrogen compound, such as monosilane 
SiH 4 , or disilane Si 2 H 6 ; a metal halide, such as silane dichloride SiH 2 CI 2 , silane trichloride SiHCI 3 or titanium chloride 
is TiCI 4 ; or a metal alkoxide, such as tetramethoxy silane Si(OCH 3 ) 4 , tetraethoxy silane Si(OC 2 H 5 ) 4 or tetraisopropoxy 
titanium. 

[0077] With regard to the safety, it is preferred to use metal alkoxides or metal halides which do not ignite or explode 
in the atmosphere. It is further preferred to use alkoxides which do not emit any corrosive gas or hazardous organic gas. 
[0078] The mentioned metal compounds in gaseous state can be introduced into the discharge space but ones in 
20 liquid phase have to be carried through a vaporizing apparatus before being introduced into the discharge space. The 
preferred metal compounds are, for.the practical reasons, tetraethoxy silane, tetraisopropoxy titanium etc. which are 
liquid at room temperature having a boiling point lower than 200°C. 

[0079] The metal alkoxides mentioned above may be diluted by a solvent, such as methanol, ethanol, n-hexane or 
the like, or mixture of them. These diluting solvents are decomposed to atomic state when exposed to a glow-discharge, 

25 so that their influence on the thin film-deposition is negligible. 

[0080] In the art of the plasma treatment at an atmospheric pressure under the existence of helium, only low density 
plasma can be obtained and the deposition of an inorganic thin film derived from a metal-containing compound was 
not obtained. The present method of high density plasma, for the first time, made it possible to synthesize an inorganic 
thin film by plasma treatment in the atmospheric pressure. 

30 [0081] With regard to the economy and the safety, it is preferred to conduct the treatment in a treating gas diluted 
by an carrier gas. The carrier gas is a rare gas such as helium, neon, argon, xenon or the like, or nitrogen. These can 
be used alone or in combination of two or more. 

[0082] In the art, the treatment under the existence of helium gas under atmospheric pressure has been conducted 
but in the present invention, a more economical argon gas and/or nitrogen gas is used to achieve a stable treatment 

35 to thereby provide a great commercial advantage. 

[0083] As mentioned above, a stable glow-discharge is obtained in the gas atmosphere containing more than 50 wt. 
% gas of 1 0 or more MW. By selecting a dilution gas of larger molecule than helium in MW, such as neon, argon, xenon 
or nitrogen, a very fast and highly functioned treatment is conducted in a high density plasma. 
[0084] In a second aspect of the present invention, an apparatus for a glow-discharge plasma treatment comprises 

40 (a) two opposing electrodes; (b) a solid dielectric disposed on the surface of at least one of the electrodes; and (c) a 
high voltage pulse power unit which generates an electric field that is pulse modulated in a manner such that onset 
time, preferably offset time as well, of a pulse are less than 100 \is. The power unit comprises a high voltage direct 
current source and a pulse controller converting high voltage direct current to high voltage pulses by means of semi- 
conductor elements having a tuming-on time or a turning-off time of less than 500 nanoseconds. 

45 [0085] In this embodiment, an apparatus as shown in Fig. 1 explained before may be used. In this apparatus, a 
dielectric 16 is disposed on a lower electrode 15, and a discharge-plasma is generated in a space 13 between the 
dielectric 16 and an upper electrode 14. A chamber 12 is provided with a gas inlet pipe 18, a gas outlet pipe 20 and 
an exhaust duct 21 , and a treating gas is fed through the gas inlet pipe 1 8 to the plasma discharge space 13. In this 
invention, the part of a substrate 17 contacted by the discharged plasma is treated. Thus, the upper surface of the 

so substrate 1 7 in Fig. 1 is treated. When the treatment on both sides of the substrate is desired, it is located in the middle 
of the discharge space 13. 

[0086] It is preferable to spread the treating gas uniformly in the plasma discharge space. When the treatment is 
conducted in a mixture of a treating gas and an carrier gas, it is preferable to have a device which prevents uneven 
diffusion of the gas caused by the mass difference between the heavy treating gas and the light carrier gas. Especially, 
55 a large substrate requires this caution. In the apparatus of Fig. 1 , the gas inlet pipe 18 is connected to the electrode 
14 having many gas outlet holes, through which the treating gas is ejected to the plasma space 13. The carrier gas is 
fed through a separate carrier gas pipe 19. This device may be replaced by another device which causes a stirring or 
jetting action in the case where the treating gas and the carrier gas are pre-mixed homogeneously. 
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[0087] The material of the cfllmber 12 is, for example, a plastic or a glass, but it isTTot limited to them. When the 
chamber is made of a metal, such as stainless steel or aluminum, it must be electrically separated from the electrodes. 
[0088] A plasma treatment method of another aspect of the present invention is one application of the glow-discharge 
plasma treatment induced by a quick onset or offset pulse field. The method comprises (a) providing two opposing 

5 electrodes, at least one of opposing surfaces thereof being covered with a solid dielectric, in a closed treating chamber 
having an entrance and an exit for web feeding which are not completely air-tight but allow a leakage of a gas; (b) 
continuously feeding a substrate in a web form through the entrance of the treating chamber, guiding the web between 
the two electrodes and hauling the web off through the exit of the treating chamber; (c) contacting the web with a 
counter-flowing treating gas in the treating chamber; and (d) simultaneously imposing an electric field between the 

10 opposing electrodes which is pulse modulated in a manner such that onset time, preferably offset time as well, of a 
pulse of the electric field is less than 100 \ls and the field intensity is 1 to 1 00 kV/cm. 

[0089] In the present invention, the web to be treated is fed continuously to the treating chamber, guided to the space 
between the opposing electrodes and hauled from the chamber. The feeding and hauling of the web are conducted 
by any known method. In the present invention, the pressure in the treating chamber is kept near the atmospheric 
15 pressure, and the entrance and the exit of the web are not completely air-tight to permit the leakage of the gas, because 
the glow-discharge is stably maintained and not disturbed by the intrusion of a small amount of air, so that it is unnec- 
essary to seal the chamber air-tightly to prevent leakage-of the inner gas or intrusion of air. 

[0090] In the continuous treatment of the web, the treating gas in the discharge space between the electrodes pro- 
vides a wide range of treating effect depending on the kind. 
20 [0091] In the present invention, the web is fed continuously to the space between the opposing electrodes and si- 
multaneously the treating gas is supplied to the chamber. The gas is ejected continuously towards the web in the 
counter-direction against the movement of the web. The action of the gas stream reduces the amount of air engulfed 
by the web into the plasma discharge space. A large amount of intruding air might damage the treating capability of 
the gas by changing the gas formulation best suited for a particular treatment, though the electric discharge itself would 
25 not be damaged. The counter flow will be explained in detail, later by examples. 

[0092] The preferred examples of the following factors in the web treatment are the same as the ones described 
before: onset or offset time in the pulse modulated electric field, field intensity, discharge interval in a cycle, frequency 
of modulated wave, high voltage pulse power to impose electric field, treating gas, and dielectric. 
[0093] In another aspect, the invention provides an apparatus for the glow-discharge plasma treatment, which corn- 
so . prises (a) two opposing electrodes, at least one of opposing surfaces thereof being covered with a solid dielectric, the 
electrodes being located in a closed treating chamber having an entrance and an exit for web feeding which are not 
completely air-tight to allow leakage of a gas, and being provided so as to enable a substrate in a web form to travel 
the space between the electrodes continuously; (b) gas spout(s) in the treating chamber to generate a counter-flow of 
the treating gas against the traveling web; and (c) a high voltage pulse power unit to impose an electric field between 
35 the opposing electrodes, the electric field being pulse modulated in a manner such that onset time, preferably offset 
time as well, of a pulse of the electric field is less than 100 \xs, and field intensity is 1 to 100 kV/cm. 
[0094] Fig. 15 is a schematic sectional view showing an example of the continuous web treating apparatus. The 
apparatus of Fig. 15 comprises a power source 51 , a treating chamber 52, an upper electrode 53, a lower electrode 
54, a gas flow generator 55 having a turbo-blower, a substrate in a web form 56, a web entrance 57, a web exit 58, a 
40 dielectric 59, a gas inlet pipe 60, a gas outlet pipe 61 , a dielectric side wall 62, a gas passage 63, and a system to 
handle the web. The solid dielectric wall is erected to surround the plasma discharge space between the opposing 
electrodes and along the passage of the web to prevent the treating gas from diffusing away. 
[0095] Fig. 15 shows only one pair of electrodes, but the desired number of pairs may be installed to elongate the 
path of the plasma contact for the web 56 in order to accelerate the processing speed. Fig. 1 6 shows an example of 
45 a treating apparatus having many pairs of electrodes. It is possible to feed a different treating gas to each gap of the 
opposing electrodes for the purpose of providing a multilayer deposition. 

[0096] The material of the chamber 52 is not specified but may be the same as for the above mentioned chamber 
12. In the treating chamber 52, on both ends, the entrance 57 and the exit 56 are provided for the travel of the web 
56. The web 56 is fed in and taken out by pairs of rollers installed outside the chamber 52, through the entrance 57 
50 and the exit 58. The entrance 57 and the exit 58 are loosely sealed to the extent that the treating gas inside the chamber 
52 is allowed to escape very slowly, and preferably, it is equipped with a pump orthe like to ventilate the gas continuously 
but very slowly. 

[0097] The glow-discharge plasma treatment apparatus of Fig. 15 is provided with a gas flow mechanism to eject 
the treating gas to the surface of the web 56 in the opposite direction of the web movement to cause a continuous 
55 contact of the gas with the web. Several embodiments of this gas flow mechanism are shown in Fig. 15, Fig. 1 7, Fig. 
18, Fig. 19, Fig. 20 and Fig. 21. Fig. 15 shows a gas flow generator having a pump or a blower 55 to circulate the 
treating gas in the space between the electrodes in the direction towards the web entrance from the exit. Fig. 1 7 shows 
a gas feeding nozzle 64 which ejects the treating gas. Fig. 18 shows a gas reservoir 65 in the electrode facing the 
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ic^^through which the treating gas is ejected in a designed 



web, having slanting outlet ho^through which the treating gas is ejected in a designed direction. Fig. 19 shows a 
suction inlet near the electrode edge on the entrance side, through which the gas is drawn by a pump 66. Fig. 20 shows 
a gas outlet near the electrode edge on the exit side, through which the gas is blown by a pump or a blower 66. Fig. 
21 shows a fan 67 which creates gas flow. 
5 [0098] The gas flow generator 55 of Fig. 15 is much preferred because this device reduces the gas flow reaching 
and reflecting at the end wall of the treating chamber and enables the recycling of the gas. 

[0099] In a device 55, a fast and even gas flow is created if it has a slit-shaped gas ejector on the exit side of the 
treating space and a larger mouth gas drawer on the entrance side of the treating space. The consumption efficiency 
of the gas is increased by recirculation. 
10 [0100] To assist the smooth flow of the gas, a solid dielectric side wall may be provided on the other side of the web 
where the gas flow is not created. 

[0101] In Fig. 15, the gas flow is created on one side of the web 56 but when both surfaces of the web are to be 
treated, the gas flow is created on both sides of the web. 

[0102] A sensor for a gas density detection may be installed as needed in the gas passage 63 to control the gas 
is density. Or a gas separator to remove a useless gas may be installed in the gas passage 63 to control the purity of 
the treating gas. 

[0103] The treating gas is introduced into the treating chamber 52 through the inlet pipe 60 under a controlled flow 
rate. It is recommended to feed the gas to the chamber 52 after blending well the diluted or mixed gas in considering 
the differences in flow rate and the mass of molecule. 
20 [0104] An excess treating gas in the chamber 52 is discharged through the outlet pipe 61 to the atmosphere or to 
. the chamber 52 for recycling. 

[0105] The flow rate of the treating gas fed from the gas flow generator is adjusted according to the web traveling 
speed, the air-tightness of the web entrance, the quality of the web etc. It is preferred to adjust the gas velocity higher 
than the web traveling speed. 

25 [0106] In another aspect, the invention provides a glow-discharge plasma treatment method, which is one of the 
applications of the second aspect in which the pulse modulated electric field has a very short pulse onset/offset time. 
This method comprises (a) providing a gas reservoir made of a solid dielectric, which has a gas outlet opening and an 
electrode mounted near the gas outlet opening; (b) providing another electrode which opposes the gas outlet opening; 
(c) placing a substrate between the gas outlet opening and the opposing electrode; (d) continuously ejecting a treating 

30 gas from the gas outlet opening; and (e) imposing an electric field between the two electrodes, which is pulse modulated 
in a manner such that onset time, preferably offset time as well, of a pulse of the electric field is less than 1 00 |xs and 
field intensity is 1 to 100 kV/cm. 

[0107] In another aspect, the invention provides a glow-discharge plasma treatment apparatus, which comprises (a) 
a gas reservoir made of a solid dielectric, which has a gas outlet opening to eject a treating gas continuously and an 
35 electrode mounted near the gas outlet opening; (b) another electrode which opposes the gas outlet opening; and (c) 
a high voltage pulse power unit to impose an electric field between the two electrodes which is pulse modulated in a 
manner such that onset time, preferably offset time as well, of a pulse of the electric field is less than 1 00 \ls and field 
intensity is 1 to 1 00 kV/cm. 

[0108] The present inventions are described below in detail, referring to the drawings. 
40 [0109] Fig. 22 shows a sectional schematic diagram of an example of the glow-discharge plasma treatment appa- 
ratus. In Fig. 22, 71 is the power source. 72 is an electrode on the gas reservoir and 73 is the other electrode. 74 is a 
gas reservoir made of a solid dielectric. 75 is a substrate to be treated. 76 is a gas inlet duct to feed the gas to the 
solid dielectric reservoir. 77 is a gas outlet opening. 78 is a device to connect the electrode 72 and the other electrode 
73, mechanically. 

45 [0110] In the invention, plasma is also generated in the solid dielectric reservoir 74 which is filled with the treating 
gas, by imposing an electric field between the electrode 72 and the electrode 73. The gas in the solid dielectric reservoir 
74 is ejected toward the substrate 75 through the gas outlet opening 77. The component of the treating gas excited to 
a plasma state contacts the surface of the substrate 75 and modifies the surface. The spot of a treatment on the 
substrate can be shifted by changing the relative position of the substrate 75 and the solid dielectric reservoir 74. This 

so method makes it possible to treat a large area substrate or the limited area on the substrate by using a simple apparatus 
and a small amount of a treating gas. 

[0111] The power source 71 is designed to impose an electric field having the same onset or offset time and the field 
intensity as in the first aspect of the invention, by applying the same high voltage pulse power. The duration of pulse 
in a cycle and the frequency are in the same preferred range as in the first aspect of the invention. 
55 [0112] The configuration of the electrodes 72 and 73 is not limited to the flat shape shown but may be cylinders, 
paired spherical plates or other curved plates. 

[0113] The materials for the electrodes 72 and 73 are the same as disclosed in the first aspect of the invention. 
[0114] The distance between the center of the gas outlet opening 77 of the solid dielectric reservoir 74 and the other 
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electrode 73 is adjusted accc^Pg to the thickness and quality of the solid dielectric^servoir 74, the thickness and 
the quality of the substrate 76, the magnitude of the applied power voltage etc., though the preferred distance is 1 to 
30 mm. If it is less than 1 mm, it is difficult to place the substrate and if it is more than 30 mm, the generation of 
discharge-plasma requires a high voltage which tends to generate arc discharge, and consequently an even surface 
5 treatment is not obtained. 

[0115] The configuration of the solid dielectric reservoir 74 may be a cubic or rectangular box, a cylinder or a sphere, 
but is not limited to them. The sort and the quality of the dielectric are the same as those disclosed in the first aspect 
of the invention. 

[0116] The electrode 72 is located on the solid dielectric reservoir 74. Fig. 23 and Fig. 24 show other examples of. 
10 the location of the electrode on the reservoir. 

[0117] When the solid dielectric reservoir 74 has a rectangular shape, the electrode 72 may be located on a side 
other than the side where the gas outlet opening is located. 

[0118] The wall thickness of the solid dielectric reservoir 74 at the point of. the electrode 72, is preferably 0.03 mm 
to 30 mm. If it is less than 0.03 mm, a dielectric breakdown occurs when a high voltage is applied to create an arc 
15 discharge. 

[0119] The solid dielectric reservoir 74 is provided with the gas inlet pipe 76 and the gas outlet opening 77. The 
design of the gas outlet opening 77 may be a slit-shaped opening, a group of holes or a protruding nozzle of the same 
dielectric but it is not limited to them. Fig. 25, Fig. 26 and Fig. 27 show examples of the gas outlet openings 77. 
[0120] The solid dielectric reservoir can be designed to hold the gas in itself instead of being fed by the inlet duct 
20 shown in Fig. 25. For example, a liquid is held inside the reservoir, and is evaporated as a treating gas before being 
ejected. 

[0121] The device 78 of Fig. 22 is capable of freely adjusting the distance between the gas outlet opening 77 and 
the other electrode 73. By this device 78, a large area substrate 75 can be treated by traversing the gas outlet opening 
77 and the other electrode 73 without changing the mutual distance and position. Even a molded substrate can be 
25 treated by continuously changing the distance between the opening 77 and the electrode 73 to follow the contour of 
the molded substrate, continuously or partially. 

[0122] But if the distance between the gas outlet opening 77 and the substrate 75 is too long, the substrate has more 
chance to contact air, and the treatment may not be completed. 

[0123] In this invention, the treating gas is ejected continuously from the gas outlet opening 77 of the solid dielectric 
30 reservoir. When some kinds of the treating gas are blended or the gas is diluted by an carrier gas, each gas Is metered 
by a standard gas flow regulator which is not shown in Fig. 22, and the gases are blended before fed into the dielectric 
reservoir 74 through the inlet pipe 76. 

[0124] The gas volume and the flow velocity at the outlet opening 77 are properly controlled by considering the cross 
section of the hole 77, the distance between the substrate 75 and the opening 77 etc. For example, a gas feeding 
35 volume of 5 standard liter per minute (slm) is proper and an outlet flow velocity of 830 mm/sec is proper for an opening 
having a cross section of 100 mm 2 . By increasing the gas feeding volume, the outlet flow rate is proportionately in- 
creased and the time of the treatment is shortened. 

[0125] The treatment gas used in this invention is the same as the one used in the first aspect of the invention. 
[0126] A still another aspect of the invention resides in a glow-discharge plasma treatment method, which is one 

40 application of the third aspect, wherein a pulse modulated electric field has a short onset or offset time. The method 
comprises: placing a substrate in a space formed by two opposing electrodes and surrounding walls made of a dielectric, 
the space being filled with a treating gas; and exposing the substrate to a plasma which is generated by an electric 
field imposed between the electrodes near the atmospheric pressure, the electric field being pulse modulated in a 
manner such that onset time or offset time of a pulse of the electric field is less than 1 00 \is and the field intensity is 1 

45 to100kV/cm. 

[0127] In another aspect, the invention provides a glow-discharge plasma treatment apparatus, which comprises (a) 
a treating space defined by a pair of horizontally installed electrodes and vertically installed walls made of a solid 
dielectric, surrounding the electrodes; (b) inlet pipes for a treating gas and outlet pipes to ventilate the treating space; 
and (c) a high voltage pulse power unit to impose an electric field between the two electrodes, the electric field being 
so pulse modulated in a manner such that onset time, preferably offset time as well, of a pulse of the electric field is less 
than 100 |xs, and the field intensity is 1 to 100 kV/cm. 

[0128] The present invention is described below in detail with reference to the drawing. Fig. 28 is a schematic sec- 
tional view, showing an example of the glow-discharge plasma treatment apparatus used in the present invention. 
[0129] The apparatus comprises a power source unit 81, an upper electrode 82, a lower electrode 83 and solid 
55 dielectric walls 84a and 84b. The upper electrode 82 is horizontally installed in parallel with the lower electrode 83, 
and the solid dielectric walls 84a and 84b are installed vertically to surround the space between the two electrodes to 
thus form a treating space 91 . The treating space need not have a rectangular or cubic shape but may be a cylinder. 
[0130] The plasma discharge treatment is conducted onto the substrate placed in the treating space 91 defined by 
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the upper electrode 82, the lowr electrode 83 and the solid dielectric side walls 84a^Tnd 84b. A partial treatment of 
the substrate 86 larger than the treating space 91 is achieved by clamping the substrate between the dielectric walls 
84a and 84b so that the desired treatment spot of the substrate is located inside the treating space 91 , and generating 
a plasma. 

5 [0131] The upper electrode 82 and the lower electrode 83 are mounted to electrode holding arms 85 via insulators 
89, and the substrate 86 is clamped by the dielectric walls 84a and 84b at their meeting point by manipulating the 
holding arms 85. 

[0132] Such a structure enables a relatively small apparatus to treat a large substrate consecutively place by place, 
by changing its relative position to the substrate. 
10 [0133] Fig. 28 shows a horizontally positioned pair of electrodes 82 and 83, but beside this flat parallel pair, other 
arrangements may be used, such as cylindrically curved pair, spherically curved pair, paraboloidally curved pair or 
concentric cylinders. 

[0134] The distance between the upper electrode 82 and the lower electrode 83 is properly adjusted according to 
the thickness of the solid dielectric, the thickness of the substrate, the magnitude of the applied voltage etc. However, 
*5 jf the electrode distance exceeds 30 mm, the discharged plasma tends to transform to arc to thereby provide an uneven 
treatment which is not desirable. 

[0135] When the substrate is a conductive material like a metal, or a porous material, the opposing surface of the 
electrode should preferably be covered with a solid dielectric (not shown in the diagram). It is sufficient to cover one 
electrode only, but both may be covered. 
20 [0136] The treating gas which will be described later is led into the treating space 91 and air in the space is displaced 
by the gas and kept under or near the atmospheric pressure. 

[0137] The flow rate controlled gas can be directly fed into the treating space 91 through the gas inlet duct 87a and 
87b, or may be fed into the reservoir of the electrode and then into the treating space. In the example of Fig. 28, the 
opposing surfaces of the electrodes are provided with many holes 90 through which the gas is fed into the treating 
25 space 91 . These holes provide an even distribution of the gas especially suited for a large treating space or a complex- 
shaped treating space. 

[0138] The treating gas may be fed into the treating space 91 through inlet pipes mounted in the solid dielectric walls 
84a and 84b. 

[0139] The excess treating gas is exhausted through the gas outlet pipes 88 mounted in the solid dielectric walls 
30 84a and 84b. The exhausted gas is diffused into the atmosphere or recycled to the treating space. The solid dielectric 
walls may be made porous so that the excess treating gas can seep out, or the walls may have many outlet holes. 
[0140] In the glow-discharge plasma treatment of the present invention, the preferred pulse modulated electric field 
has the same voltage, onset or offset time, field intensity, duration of pulse in a cycle and frequency as mentioned 
before. The preferred pulse power source, the treating gas and the solid dielectric are the same as mentioned above. 

35 

Brief Description of the Drawings 



[0141] 
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Fig. 1 is a schematic sectional view showing an example of a plasma treatment apparatus used in the present 
invention; 

Figs. 2A-1 to 2A-4 are waveform graphs showing examples of the pulse modulated electric field; 
Fig. 2B shows an example of a waveform; 

Fig. 3 is a diagram explaining an example of a measuring circuit of the discharge voltage and the discharge current 
used in the present invention; 

Fig. 4 is a graph showing an example of the observed waveforms of the discharge voltage and the discharge current; 
Fig. 5 is a graph showing the waveform of the pulse modulated electric field applied in Example 16; 
Fig. 6 is a graph showing the waveform of the pulse modulated electric field applied in Example 1 7. 
Fig. 7 is a block schematic diagram showing an example of the pulse power unit; 
Fig. 8 is an equivalent circuit diagram of the pulse power unit; 

Fig. 9 is a diagram showing a model pattern of the output pulse according to the switching sequence of Table 1 ; 
Fig. 10 is a schematic sectional view showing another example of the plasma treatment apparatus used in the 
present invention; 

Fig. 11 is a schematic sectional view showing the structure of the plasma generating apparatus used in certain 
Examples of the present invention; 

Fig. 12 is a graph showing a dependency of water repellent property on the discharge current density in PET film 
treatments of Examples 26, 27, 28 and 29; 

Fig. 13 is a graph showing a dependency of hydrophilicity on the discharge current density in PET film treatments 
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of Examples 31 , 32, 33 a^re4; 
Fig. 14 is a graph showing aging of hydrophilicity of treated films of Example 35 and Reference 6; 
Fig. 15 is a schematic sectional view showing an example of the continuous treatment apparatus for web used in 
the present invention; 

5 Fig. 16 is a schematic sectional view showing another example of the continuous treatment apparatus for web; 

Fig. 17 is a schematic view showing an example of the gas flow generator; 

Fig. 18 is a schematic view showing another example of the gas flow generator; 

Fig. 19 is a schematic view showing yet another example of the gas flow generator; 

Fig. 20 is a schematic view showing yet another example of the gas flow generator; 
10 Fig. 21 is a schematic view showing yet another example of the gas flow generator; 

Fig. 22 is a schematic sectional view showing yet another example of the plasma treatment apparatus used in the 

present invention; 

Fig. 23 is a schematic view of a dielectric gas reservoir opposing an electrode in the plasma treatment apparatus; 
Fig. 24 is another schematic view of a dielectric gas reservoir opposing an electrode in the plasma treatment 
15 apparatus; 

Fig. 25 is a diagram of a gas outlet in the plasma treatment apparatus; 

Fig. 26 is a diagram of another gas outlet in the plasma treatment apparatus; 

Fig. 27 is a diagram of yet another gas outlet in the plasma treatment apparatus; and 

Fig. 28 is a schematic section view showing yet another example of the plasma treatment apparatus used in the 
20 present invention. 

Detailed Description of Preferred Embodiments 

[0142] The present invention will now be described further in detail with reference to embodiments. 
25 [0143] In the following examples, a pulse power unit of Model TO-247AD manufactured by Haiden Labo. Co. which 
utilizes semiconductor elements made by IXYS Corp. and has an equivalent circuit as shown in Fig. 8 was used. 

Examples 1,2,3 and 4 

30 [0144] In the chamber 12 of Fig. 1 which was made of Pyrex glass and had 5 liter volume, an upper electrode 14 
made of stainless steel (SUS304) having a size of <p80 x 10 mm and holes of cp1 mm at every 10 mm, and a lower 
electrode 1 5 made of stainless steel (SUS304) having a size of q>80 x1 0 mm are installed to have a 6 mm gap between 
them. A dielectric of polytetrafluoroethylene 16 having a dielectric constant of 2.5, a size of 120 x 120 mm and a 
thickness of 500 micron is placed on the lower electrode 15 to cover the whole surface. On this dielectric, a polyeth- 

35 yleneterephthalate film of LumirrorT50 made by Toray Industries, Ltd. (hereinafter PET film) and having a size of 1 00 
x 100 mm and a thickness of 50 micron was placed. Air inside the chamber was drawn to 1 Torr by an oil rotary pump. 
Then, a nitrogen gas was introduced to the chamber through the gas inlet pipe 19 to gain a pressure of 760 Torr. A 
pulse modulated electric field having the waveform, the peak value, the frequency, the pulse duration and the onset/ 
or offset time shown in Table 2 was imposed for 15 seconds between the electrodes 14 and 15, in order to generate 

40 discharge-plasma and treat the PET films. 

[0145] The waveform (4) of Example 4 was synthesized from the waveform (3) having a frequency of 1 .0 kH and a 
pulse duration of 800 microseconds, and is modulated by a waveform having a frequency of 20 kH and a pulse duration 
of 20 microseconds. 

[0146] The plasma generated in the examples 1 to 4 were all in a glowing state which has a characteristic of the 
45 glow-discharge. The treated effect was evaluated by the contact angle measurement, as shown in Table 2 

Examples 5, 6, 7 and 8 

[0147] In the apparatus of Example 1 , a substrate made of a silicate glass having a dimension of 1 00 mm x 1 00 mm 
50 x 2 mm was placed on the dielectric covered lower electrode 15. The inside air was drawn to 1 Torr by an oil rotary 
pump. Each of the treating gas shown in Table 2 was introduced to the chamber through the gas inlet pipe 18 and 
simultaneously the argon gas was fed through the carrier gas inlet pipe 1 9 at the mixing ratio and the flow rate shown 
in Table 2 till the pressure became 760 Torr, and then the gas exhaust duct 21 was opened to continue the gas flow. 
The pulse modulated electric field which have the waveforms, the peak values, the frequencies, the pulse duration, 
55 the onset/offset time shown in Table 2 was imposed for 1 minute to generate plasma, to treat the surface of the sub- 
strates. 

[0148] In ail the cases of Examples 5 to 8, the generated plasma showed an uniformity dispersed glow state which 
had a characteristic of the glow-discharge. The treated effect was evaluated by the contact angle measurement, as 
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shown in Table 2 

[0149] Interferogram was observed in the treated specimens. No silicon element originating from the substrate was 
observed on the surface, by the X-ray photo-electron spectroscopy (XPS). This result indicates that the plasma de- 
posited layer existed to a depth of over 1 00 micron which is the detection limit of the XPS. 
5 [0150] In Example 7, the discharge was generated by a high voltage pulse power which was synthesized from the 
waveform (1) by superimposing -1 kV DC potential. 

Examples 9 and 10 

10 [0151] In the apparatus of Example 1 , a PET substrate of Lumirror T-50 made by Toray Industries, Ltd. and having 
a dimension of 1 00 mm x 1 00 mm x 50 micron was placed on the dielectric sheet 1 6 of quartz glass having a dielectric 
constant of 5 and a dimension of 100 mm x 1 00 mm x 3 mm. 

[0152] The inside air was drawn to 1 Torr by an oil rotary pump. Each of the treating gas shown in Table 3 was 
introduced to the chamber through the gas inlet pipe 18 and simultaneously the nitrogen or the argon gas was fed 
15 through the carrier gas inlet pipe 19 at the mixing ratio and the flow rate shown in Table 3, till the pressure became 
760 Torr, and then the gas exhaust duct 21 was opened to continue the gas flow. The pulse modulated electric field 
which has the waveforms, the peak values, the frequencies, the pulse duration, the onset/offset time shown in Table 
3, was imposed for 15 seconds to generate plasma to treat the surface of the substrates. 

[0153] In the cases of Examples 9 and 10, the generated plasma showed an uniformity dispersed glow state which 
20 has a characteristic of the glow-discharge. The treated effect was evaluated by the contact angle measurement, as 
shown in Table 3. 

Examples 11 and 12 

25 [0154] An oxide film consisting of 13 % titanium dioxide and 87 % aluminum oxide and having a thickness of 500 
micron and a dielectric constant of 14 was formed by the thermal sprayed coating, on one surface of a carbon steel 
plate of SS41 having a dimension of 140 mm x 140 mm x 10 mm. 

[0155] In the apparatus of Example 1 , on the lower electrode 15, the above carbon steel plate was placed with the 
coated face opposing the upper electrode 14. A substrate of PET, Lumirror T-50 made by Toray Ind., Ltd. having a 

30 dimension of 100 mm x 100Tnm x 50 micron was placed on the above coated plate. 

[0156] The inside air was drawn to 1 Torr by an oil rotary pump. Each of the treating gas shown in Table 3 was 
introduced to the chamber through the gas inlet pipe 18 and simultaneously the nitrogen or the argon gas was fed 
through the carrier gas inlet pipe 1 9 at the mixing ratio and the flow rate shown in Table 3 till the pressure became 760 
Torr, and then, the gas exhaust duct 21 was opened to continue the gas flow. The pulse modulated electric field which 

35 has the waveforms, the peak values, the frequencies, the pulse duration, the onset/offset time shown in Table 3, was 
imposed for 15 seconds to generate plasma to treat the surface of the substrates. 

[0157] In the cases of Examples 11 and 12, the generated plasma showed an uniformity dispersed glow state which 
has a characteristic of the glow-discharge. The treated effect was evaluated by the contact angle measurement, as 
shown in Table 3. 



[0158] A reference specimen was obtained under the same conditions of Example 1 except that the applied AC 
voltage was in a sine waveform having a peak value of 8.4 kV and a frequency of 2.4 kHz instead of the pulse modulated 
45 form of Example 1. Many streamers were observed in the treated sample indicating an ununiformly distributed dis- 
charge. 

Evaluation by contact angle 

so [0159] Static contact angle was measured by dropping 2 microliter water on the specimens of Example 1 to 12 and 
Reference 1 . The angles were measured by the contact angle meter CA-X150 manufactured by Kyowa Interface Sci- 
ence, Ltd. The results are shown in Table 2 and 3. 

[0160] The specimens of Examples 1 to 4 treated under the nitrogen gas atmosphere and the specimen of Example 
8 treated under the methanol gas atmosphere constantly exhibited a low contact angle in all the area showing a good 
55 hydrophilic surface. The specimens of Examples 5 to 7 treated under the f luorocarbon atmosphere constantly exhibited 
a high contact angle in all the area, which show a good water repellent surface. The specimen of Reference 1 on which 
an ununiformly distributed discharge was observed, exhibited varying angles of 40 to 60 degrees indicating uneven 
treatment. 
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[0161] Examples 9 to 12 in^TOh fast onset/offset pulses were imposed exhibited^h level treatments. 
Example 13 

5 [0162] The chamber of Fig.1 of 1 liter volume made of Pyrex glass was provided with an upper electrode 14 of 
stainless steel SUS 304 having a dimension of (p140 x 10 mm and many tp1 mm holes in every 5 mm interval, and a 
lower electrode 15 of stainless steel SUS 304 having a dimension of tp140 x 10 mm. The opposing surfaces of the disk 
electrodes were coated with a solid dielectric compound consisting of 92 % zirconium oxide and 8 % yttrium oxide, 
which had a dielectric constant of 1 6 and a thickness of 500 micron. In this example, the dielectric sheet 1 6 was absent. 

10 The distance between the electrodes was adjusted to 2 mm, where a PET substrate of Lumirror T50 made by Toray, 
Ind., having a dimension of 100 mm x 100 mm x 50 micron, was placed. 

[0163] The inside air was drawn to 0.1 Torr. The argon gas was introduced to the chamber through the carrier gas 
inlet pipe 1 9 till the pressure became 760 Torr and the gas exhaust duct 21 was opened to continue the gas flow. Then, 
a gas mixture of vaporized tetraethoxy silane (TEOS) and oxygen was fed through the gas inlet pipe 1 8 until the gas 
15 content ratio became to 'TEOS : oxygen : argon = 1 :7:92'\ The gases were kept feeding at the rate shown in Table 3. 
The pulse modulated electric field which had the waveform, the peak value, the frequency, the pulse duration, the 
onset/offset time shown in Table 3, was imposed for 3 minutes to generate a plasma to deposit a film on the surface 
of the PET substrate. 

[0164] The generated plasma showed an uniformity dispersed glow state which has a characteristic of the glow- 
20 discharge. The surface of the deposited film was analyzed by X-ray photoelectron spectroscopy (XPS), which showed 
a peak attributed to Si0 2 and an element ratio of oxygen to silicon of: O/Si = 1 : 2.2. 

Example 14 

25 [0165] Another sample was obtained under the same conditions as in Example 13 except that the substrate was 
soda glass (sodium silicate salt) having a refractive index of 1 .52. The deposited film on the substrate was analyzed 
by an Elipsometer DVA-36VM, manufactured by Mizojiri Optical Works, Ltd., which gave a refractive index reading of 
1 .44. The refractive index of quartz is 1 .45. 

30 Example 15 

[0166] Another treated sample was obtained in the same conditions as in Example 14 except that 20 wt.% tetraiso- 
propoxy titanium (titanium alkoxide, TAOT) solution in 2-isopropyl alcohol was atomized and added to the gas as the 
metal source. The gas volume ratio in the chamber after the introduction of all gases was "TAOTsoln. : oxygen : argon 
35 = 1 :7:92". The discharge current density was 60 mA/cm 2 . 

[0167] The deposited film on the substrate was analyzed by the XPS, which gave a peak reading attributed to 7102. 
The element ratio of oxygen to titanium was: O/Tl = 2.3. 

[0168] The refractive index of the clear film deposited on the glass substrate was 2.14 in average of 5 readings. The 
refractive index of titanium dioxide is 2.15 
40 [0169] Judging from the above examples, it is obvious that metal oxide films can be formed on a polymer film or a 
glass substrate, and the deposited film has indices close to the theoretical value. 

Reference 2 

45 [0170] In the apparatus of Example 13, a soda glass substrate was exposed to a discharge generated by a sine 
wave of 15 kHz, 150 W, under a gaseous mixture of TEOS, oxygen and helium having a volume ratio of 'TEOS : 0 2 : 
He = 1 : 7 : 92". A discharge is generated, but the TEOS was not decomposed but merely condensed on the substrate. 
[01 71] Interferogram of a thin film is observed on the surface but since it was washed off by ethanol, just the oligomer 
of TEOS must have been deposited. The thin films obtained in Examples 13, 14 and 15 were dense and not washed 

so off by ethanol. 
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55 Example 16 

[0172] In stead of the dielectric 16 in the apparatus of Example 13, a carbon steel disk of SS41 having a dimension 
of <p140 mm x 10 mm was placed on the lower electrode 15 opposing the upper electrode 14 in a distance of 14 mm. 



16 



20 



25 



30 



35 



40 



45 



50 



EP 0 809 275 B1 



The opposing surface of the caruon steel disk was coated in a thickness of 500 micron with an oxide film consisting 
of 1 3 % of titanium oxide and 87 % of aluminum oxide. The oxide film was formed by thermal sprayed coating and had 
a dielectric constant of 14. A glass fiber reinforced polyurethanefoam (GRPU foam, Neolumber FFU) made by Sekisui 
Chemical Co., Ltd. having a dimension of 100 mm x 100 mm x 2 mm was placed on the above mentioned dielectric 
5 covered steel disk. 

[0173] The inside air was drawn to 1 Torr by an oil rotary pump and the nitrogen gas was introduced to the chamber 
through the carrier gas inlet pipe 19 till the pressure became 760 Torr. The pulse modulated electric field was synthe- 
sized from a pulse waveform field of 8 kHz having an onset time of 0.5 microseconds and a peak value of 8 kV by 
being modulated by a pulse field having a frequency of 1 35 Hz and a duty ratio of 43 %. This electric field was imposed 
10 for 5 seconds to generate plasma to treat the surface of the GRPU foam substrate. 

[0174] The generated plasma showed an uniformity dispersed glow state. The waveform of the modulated electric 
field is shown in Fig. 5. 

[0175] The obtained sample was evaluated by measuring the contact angle. 

[0176] Further, the treated surface was coated with urethane paint for railroad tie and dried well. A peel test was 
15 conducted on the painted surface according to the JIS K5400-Subclause 6.15 "Knife Cutting Method." Table 4 shows 
the three measurements in the grade points and the average of the three, for each sample. A control sample was 
evaluated in the contact angle and the paint peel, a result of which is shown in Table 4 as well. 



Example 17 

[0177] A treated sample was obtained in the same condition as Example 16 except that the imposed field was mod- 
ulated by a pulse field of 310 Hz. The waveform of the modulated field is shown in Fig. 6. 

[0178] The obtained specimen was evaluated by the contact angle and the paint peel, a result of which is shown in 
Table 4. 
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Example 18 



[0179] In the apparatus of Example 16, a substrate of radiation cross-linked polyethylene foam, SOFTLON made by 
Sekisui Chemical Co., Ltd. having a dimension of 150 mm x 300 mm x 2 mm was placed and treated in the same 
5 conditions as Example 1 6 except that the peak value of the imposed pulse field was 9.5 kV. 

[0180] The contact angle of the treated specimen was measured immediately after the treatment, a result of which 
is shown in Table 5. The contact angle of a control sample was also measured and shown in the same table. 



[0181] A treated sample was obtained in the same conditions as Example 18 except that the imposed field was 
modulated by a pulse field of 450 Hz. 

[0182] The obtained specimen was evaluated by measuring the contact angle, a result of which is shown in Table 5. 
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Example 20 

50 

[0183] In the chamber 12 of Fig. 10, an upper electrode 14 made of stainless steel (SUS304) having a size of 150 
mm x 300 mm and a lower electrode 15 made of stainless steel (SUS304) having a size of 150 mm x 300 mm were 
installed with a 6 mm gap between them. A dielectric 1 6 of Pyrex glass having a dimension of 200 mm x 400 mm x 3 
mm was placed on the lower electrode 15 to cover its whole surface. Over this dielectric, a PET web having a width 
55 of 300 mm and a thickness of 50 micron, was placed as shown in Fig. 10. 

[0184] A mixture of gas formed of 3 % carbon tetrafluoride in argon was fed at a rate of 15 standard liter per minute 
(slm) through the gas inlet duct 18 while the web entrance 23 and the web exit 24 were closed. The PET web was 
continuously treated by causing the web to travel at a speed of 1 5 m/min and imposing a pulse modulated electric field 
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which had a pulse waveform ^^Jf Fig. 2A-1 , a peak value of 11 .6 kV, a frequency oi 
100 microseconds. The evaluation of the treated web is shown in Table 6. 



kHz and a pulse duration of 



Reference 3 

5 

[0185] A treated sample was obtained in the same conditions as Example 20, except that the treating gas was a 3 
% mixture of carbon tetrafluoride in helium and the discharge was generated by imposing a sine wave AC voltage 
having a peak value of 15.0 kV and a frequency of 15 kHz. 

10 Example 21 

[0186] A treatment was conducted in the apparatus of Example 20 by using a carbon steel plate 1 6 coated with the 
titanium oxide/aluminum oxide film of Example 11 in stead of Pyrex glass and feeding the nitrogen gas through the 
gas inlet pipe 18 at a flow rate of 30 slm. The same PET web was continuously treated by causing the web to travel 
is at a speed of 30 m/min and imposing a pulse modulated electric field which had a pulse waveform (1) of Fig. 2A-1 , a 
peak value of 10.0 kV, a frequency of 12 kHz, a pulse duration of 10 microseconds and a onset/offset time of 100 
nanoseconds. The evaluation of the treated web is shown in Table 6. 
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Reference 4 

[0187] A treated specimen was obtained in the same conditions as Example 21 except that the gas atmosphere was 
a 1 % mixture of nitrogen in helium and the discharge was generated by imposing a sine wave AC voltage having a 
peak value of 15.0 kV and a frequency of 15 kHz. 

[0188] As mentioned before, the contact angles of the specimens of Example 20 and Reference 3 were measured. 
The surface fluorine concentration (F value) of these samples were analyzed by the XPS. The contact angle meas- 
urement and the surface nitrogen concentration (N value) analysis were conducted on the sample of Example 21 and 
Reference 4, as well. The result is shown in Table 6. All the readings of the contact angle, F value and N value indicate 
a high level treatment of the pulse modulated field. 

[0189] The result ascertains that a high density plasma takes place by the pulse modulated field and the surface 
treatment method of this invention is adequate for a;high speed continuous treatment. 

Table 6 





Contact angle 
(degree) 


Surface F value 
(%) 


Surface N value 
(%) 


Example 20 


95 


31.5 




Example 21 


24 




9.87 


Reference 3 


65 


9.2 




Reference 4 


32 




2.87 



Example 22 

[0190] A treated sample was obtained in the same condition of Example 1 except that the solid dielectric 1 6 was a 
sintered titanium oxide of rutile crystalline structure having a thickness of 2 mm, a diameter of 1 20 mm and a dielectric 
constant of about 70, and that the plasma-discharge was generated for 5 seconds by imposing a pulse modulated 
electric field which had the waveform (1) of Fig. 2A-1 , a peak value, a frequency and a pulse duration as specified in 
Table 7. The generated plasma showed an uniformity dispersed glow state which has a characteristic of the glow- 
discharge. The evaluation result is shown in Table 7. 

Example 23 

[0191] A treated sample was obtained in the same condition of Example 1 except that the dielectric 1 6 was a coated 
carbon steel plate of SS41 having a dimension of 140 mm x 140 mm x 10 mm and being coated with an oxide film 
consisting of 1 3 % titanium oxide and 87 % aluminum oxide, and that a plasma-discharge was generated for 1 5 seconds 
by imposing a pulse modulated electric field having a waveform, a peak value, a frequency and a pulse duration as 
specified in Table 7. The oxide film of the dielectric 1 6 was deposited by the thermal sprayed coating on an upper face 
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In 500 micron thickness and haoa dielectric constant of 14. 
[0192] The generated plasma showed an uniformity dispersed glow state which has a characteristic of the glow- 
discharge. The evaluation result is shown in Table 7 

5 Example 24 

[0193] A treated sample was obtained in the same conditions of Example 1 except that the dielectric 16 was a coated 
carbon steel plate of SS41 having a dimension of 1 40 mm x 1 40 mm x 1 0 and being coated with an oxide film consisting 
of 8 wt.% yttrium oxide and 87 % of zirconium oxide, and that a 3 % carbon tetrafiuoride gas was introduced to the 

10 chamber through the gas inlet pipe 1 8 at a flow rate of 30 standard cubic centimeter (seem) and an argon gas was fed 
through the carrier gas inlet pipe 1 9 at a flow rate of 2970 seem. The oxide film of the dielectric 1 6 was deposited by 
the thermal sprayed coating on an upperface in 500 micron thickness and had a dielectric constant of 1 6. The discharge- 
plasma was generated for 15 seconds by imposing a pulse modulated electric field having a waveform, a peak value, 
a frequency and a pulse duration specified in Table 7. 

15 [0194] The generated plasma showed an uniformity dispersed glow state which is characteristic of the glow-dis- 
charge. The evaluation result is shown in Fig.7 



20 [0195] A treated specimen was obtained in the same condition as Example 22 except that the discharge was gen- 
erated by imposing a sine wave AC voltage having a peak value of 9.0 kV and a frequency of 1 5.0 kHz in stead of the 
pulse modulated electric field. 

[0196] Many streamers were observed and an ununiformly distributed discharge was confirmed. 

25 Evaluation by contact angle 

[0197] Static contact angles were measured by dropping 2 microliter water on the samples of Example 22 to 24 and 
Reference 5. The angles were measured by the contact angle meter CA-X150 manufactured by Kyowa Interface Sci- 
ence, Ltd, The results are shown in Table 7. 
30 [0198] The specimens of Example 22 to 24 treated under the nitrogen gas atmosphere constantly exhibited a low 
or high contact angle in all the surface areas showing a good hydrophilic surface or a good water repellent surface, 
respectively. The specimen of Reference 4 for which an ununiformly distributed discharge was observed exhibited 
varying angles of 40 to 60 degrees indicating uneven treatments. 
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55 Example 25 

[0199] A schematic diagram of the apparatus used in Example 25 is shown in Fig. 11 . An upper electrode 31 and a 
lower electrode 32 were mounted to oppose to each other in a glass chamber 40 of 8 liter volume. A pulse power unit 
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33 was provided to apply pulsCTnodulated electric field between the electrodes 31 and32. The lower electrode 32 was 
mounted to the chamber 40 In an electrically insulated manner by inserting an insulator 34 between the electrode and 
the chamber. A solid dielectric 35 is disposed tightly on the upper surface of the lower electrode 32 opposing to the 
upper electrode 31 . An oil rotary pump (not shown in Fig.ll) was connected to the chamber 40 to evacuate the inside air 
[0200] The upper electrode had a porous structure with many tiny holes, so that an atmospheric gas fed through a 
connected gas inlet pipe 36 could diffuse into the chamber. 

[0201] The upper electrode 31 was made of a stainless steel disk of 80 mm diameter and had many holes of 1 mm 
diameter in every 5 mm interval. 

[0202] The lower electrode 32 was made of a stainless steel disk of 80 mm diameter and mounted in parallel with 
and 4 mm apart from the upper electrode 32. The dielectric 35 covering the top surface of the lower electrode was a 
glass plate having a dimension of 140 mm x 140 mm x 2 mm and a dielectric constant of 5. 

[0203] The electrode area of this assembly was 50 cm 2 and the discharge gap was 2 mm. The discharge voltage 
and the discharge current were measured by the same method and the circuit of Fig.3 ( though not shown in Fig. 11 . 
[0204] In the above apparatus, air in the chamber 40 was drawn to less than 0.1 Torr, and an argon gas was introduced 
to the chamber at a flow rate of 1 000 seem through the gas inlet pipe 36 till the pressure became 760 Torr. An impulse 
voltage having a frequency of 4 kHz, an onset/offset time of 5 microseconds and a peak-peak voltage of 5 kV was 
applied, so that a homogeneous glow appeared between the electrodes 31 and 32. The glow had the main bright line 
at 763 nm. 

[0205] The applied 5kV voltage made a 25 kV/cm field intensity and generated a discharge current of 400 mA, I.e. 
a current density of 8 mA/cm 2 . 



[0206] A 50 mm square PET film of Lumirror T-50 made by Toray Ind. having a contact angle of 60 degrees was 
placed on the solid dielectric 35 of the apparatus of Fig.1 1 . A carbon tetrafluoride gas at a flow rate of 20 seem and an 
argon gas at a flow rate of 980 seem was fed to the chamber 40 through the gas inlet pipe 36. Other conditions were 
kept same as Example 25.. Then, a discharge-plasma was generated for 15 seconds by applying an impulse voltage 
which had the same waveform as Example 25 except that the peak-peak voltage was 10 kV. The result of evaluation 
of the PET film is shown in Table 8. 



[0207] A treated sample was obtained under the same conditions as Example 25 in the apparatus of Fig. 11 except 
that the dielectric 35 was a polytetrafluoroethylene sheet having a dimension of 140 mm x 140 mm x 2 mm and a 
dielectric constant of 2.5. The evaluation result of the PET film is shown in Table 8. 



[0208] A treated sample was obtained in the apparatus of Fig. 11 in the same conditions of Example 26 except that 
the dielectric 35 was a coated carbon steel plate of SS41 having a dimension of 1 40 mm x 1 40 mm x 1 0 mm and being 
coated with an oxide film consisting of 13 % titanium oxide and 87 % aluminum oxide, and that a discharge-plasma 
was generated by applying an impulse voltage which had the same waveform as Example 26 except the peak-peak 
voltage which was 5 kV. The oxide film of the dielectric 16 was deposited by the thermal spray coating on an upper 
face in 500 micron thickness and had a dielectric constant of 14. 

[0209] In this example, the distance between the electrodes was adjusted to 1 2 mm so that the discharge gap was 
2 mm. The result of evaluation of the PET film is shown in Table 8. 



[0210] A treated sample was obtained in the apparatus of Fig. 11 in the same conditions of Example 28 except that 
the carbon steel plate 35 had a coated surface of 500 micron thickness consisting of 8 wt.% yttrium oxide and 87 % 
zirconium oxide which had a dielectric constant of 16. The result of evaluation of the PET film is shown in Table 8. 
[021 1 ] The above Examples 26 to 29 were water repellent treatment for PET film and the results are summarized in 
Table 8. The curve of Fig. 12 derived from Table 8 shows the dependency of the treated effect on the current density. 
These results clearly indicate that any of the dielectrics used here gave the water repellent effect and the discharge 
current density can be controlled by the value of their dielectric constants. 

[0212] "Surface F/C" of Table 8 and Fig. 12 is defined as the ratio of fluorine and carbon masses in the surface of 
the substrate (PET) analyzed by the XPS. It is obvious that a higher current density produces a more highly fluorinated 
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Example 30 



[0213] A treated sample was obtained in the apparatus of Fig. 11 In the same conditions of Example 26 except that 
the applied voltage had a peak-peak value of 2.2 kV. In this trial, the minimum voltage was applied enough to create 
5 an uniformity distributed discharge using the glass dielectric sheet. The obtained current density was 1 mA/cm 2 . The 
PET film exhibited a contact angle of 100 degrees and was uniformity modified throughout the whole sheet. 



10 [0214] A treated sample was obtained in the apparatus of Fig. 11 in the same conditions of Example 26 except that 
the nitrogen gas was fed to the chamber 40 through the gas inlet pipe 36 at a flow rate of 1000 seem and that the 
applied voltage had a peak-peak value of 30 kV. The evaluation of hydrophilicity is shown in Table 8. 



15 

[0215] A treated sample was obtained in the apparatus of Fig. 11 in the same conditions of Example 27 except that 
the nitrogen gas was fed to the chamber 40 through the gas inlet pipe 36 at a flow rate of 1000 seem and that the 
applied voltage had a peak-peak value of 30 kV. The evaluation of hydrophilicity is given in Table 8. 

20 Example 33 

[0216] A treated sample was obtained in the apparatus of Fig 11 . in the same conditions of Example 28 except that 
the nitrogen gas was fed to the chamber 40 through the gas inlet pipe 36 at a flow rate of 1000 seem and that the 
applied voltage had a peak-peak value of 14 kV. The evaluation of hydrophilicity is given in Table 8. 

25 

Example 34 

[0217] A treated sample was obtained in the apparatus of Fig. 11 in the same conditions of Example 29 except that 
the nitrogen gas was fed to the chamber 40 through the gas inlet pipe 36 at a flow rate of 1000 seem and that the 

30 applied voltage had a peak-peak value of; 14 kV.The evaluation of hydrophilicity is shown in Table 8. 

[0218] The above Examples 31 to 34 were hydrophilic treatments for PET films and the results are summarized in 
Table 9. The curve of Fig. 13 derived from Table 9 shows the dependency of the hydrophilicity on the discharge current 
density. These results clearly indicate that any of the dielectrics used here functioned well to provide hydrophilicity and 
the discharge current density can be controlled by the value of their dielectric constants, as in the case of water repellent 

35 treatment. 

[0219] "Surface N/C" of Table 9 and Fig. 13 is defined as the ratio of nitrogen and carbon masses in the surface of 
the substrate (PET) analyzed by the XPS. It is obvious that a higher current density produces a higher amount of fixed 
nitrogen to the surface, i.e. more highly aminized surface. 
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Example 35 

[0220] A treated sample was obtained In the same conditions of Example 34 except that the applied voltage had a 
peak-peak value of 30 kV. The discharge current density was 100 mA/cm 2 . The initial contact angle was 21 degrees 
5 and the Surface N/C was 0.5. 

Reference 6 

[0221] A PET film is exposed to a corona discharge for 15 seconds, generated in a corona treatment apparatus 
10 Model H FSS-1 03 manufactured by Kasuga Electric Co. The voltage applied was 30 kV. The treated hydrophilic sample 
exhibited an initial contact angle of 35 degrees. 

[0222] The hydrophilic samples of Example 35 and Reference 6 were treated at 60 °C in a chamber Model ST-110 
manufactured by Tabai-Especk Co. to conduct an accelerated durability test of hydrophilicity. The change in contact 
angle et was calculated from the following equation: 



log 6 = log Gt ' e ° 



GO - 6oo 



wherein 00 is the initial contact angle, Gt is that of t minutes later and Goo is the angle of untreated surface. 
20 [0223] The changes of hydrophilicity calculated by the.above equation for the mentioned two samples are shown in 
Fig. 14. It became obvious in Fig. 14 that the hydrophilic treatment of Example 35 of this invention provided about ten 
times as much durability as the conventional corona discharge treatment. 



Example 36, 37 and 38 



[0224] In the apparatus of Fig. 15 having a gas flow generator 55 with a built-in turbo-blower and two electrodes, 
each 350 mm wide and 150 mm long, a PET web of 300 mm width and 50 micron thickness (Lumirror T-50, made by 
Toray Ind.) having a contact angle of 70 degrees, was treated to provide water repellent surfaces, by the operation 
mentioned below, under the conditions specified in Table 10. The static contact angles of the treated surfaces were 
30 measured. < 

[0225] The measurement was made by dropping 2 microliter water at 10 cm interval on 1 meter samples cut from 
the treated web. The static contact angle was measured by the contact angle meter CA-X1 50 manufactured by Kyowa 
Interface Science, Ltd. The largest and the smallest readings are shown in Table 10. 

35 Operation 

[0226] A roll of PET web to be treated is placed on the unwinding station and the web is passed through the entrance 
57 and the electrode gap which is adjusted to the specified distance (Table 10) where the specified dielectric (Table 
10) is placed, and through the exit 58 to the winder in the winding station. After closing the entrance and the exit, air 

40 in the treating chamber 52 is replaced by the specified treating gas (Table 1 0) fed through the gas inlet pipe 61 at the 
specified flow rate (Table 10) under atmospheric pressure. When the replacement is completed, a desired gas flow is 
generated in the electrode gap by the gas flow generator 55 and the web is caused to move by the winder at a speed 
of 30 m/min from the entrance 57 towards the exit 58. A continuous treatment is conducted in a discharge-plasma in 
the electrode gap by imposing a pulse modulated electric field of waveform (1) of Fig. 2-1 specified in Table 10. The 

45 contact angles (max. and min.) measured on the obtained samples are shown in Table 10. 

Example 39 & 40 

[0227] A continuous hydrophilic treatment was conducted in the same apparatus and by the same operation as 
so Example 36 but under different conditions specified in Table 1 0. The contact angles (max. and min.) measured on the 
obtained samples are shown in Table 10. 

Reference 7 

55 [0228] A water repellent treating operation was tried in the same apparatus and the same conditions of Example 36 
except that the applied voltage had a sine waveform as specified in Table 10. But a high voltage over 10 kV was 
necessary to initiate a discharge, which happened to be an arc, not a glow. Consequently, the PET web was molten 
and the treatment failed. 
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[0229] For a reference purj^^a very similar treatment was conducted by using e^rffuting gas of helium instead of 
argon. The result and the conditions are shown in Table 10 in the column of Reference 7. 
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[0230] The examples of TawWo clearly indicates that the method of this invent ioT^rovides a more even, faster, 
continuous surface treatment, compared to the related arts. 



[0231] An apparatus of Fig. 22 had a dielectric gas reservoir 74 in the shape of Fig. 25 made of 2 mm polymethyl- 
methacrylate plate which had an outside dimension of 110 mm(W) x 5 mm(D) x 50 mm(H); a gas inlet pipe 76; a gas 
outlet opening (1 00 mm x 1 mm) 77; and a copper electrode 72 of 1 00 mm x 30 mm x 1 mm dimension, mounted near 
the gas outlet opening 77. The apparatus had another electrode 73 of the same dimension opposing the gas outlet 
10 opening 77, in a distance of 1 0 mm from the first electrode 72. The surface treatment was conducted by placing a 50 
micron PET substrate (Lumirror T-50) between the electrode 73 and the gas outlet opening 77 under the following 
conditions: 



Treating gas j Hexafluoropropylene, flow rate 50 seem Argon (diluting gas), flow rate 4950 seem; 

Impulse field j Waveform (1), onset/offset time 10u.s, peak value 7.2 kV, field intensity7.2 kV/cm, frequency 6.8 

| kHz duration of one pulse 21 0 u,s; 
Treating time j 5 seconds; 

[0232] Static contact angle was measured by dropping 2 microliter water on the surface of the treated sample. The 
angle was measured by the semi-automatic contact angie meter CA-X150 manufactured by Kyowa interface Science, 
Ltd. The contact angle was increased to 110 to 115 degrees from 72 degrees of untreated surface, in the elongated 
area of 11 0 mm x 5 mm, where the discharge-plasma contacted the surface to make it water repellent. 

Examples 42, 43, 44, 45, 46 and 47 

[0233] A PET film substrate was treated in the same apparatus and the same conditions of Example 41 except that 
the treating gas, the carrier gas and the pulse modulated electric field were altered as specified in Table 11. Static 
contact angles were measured on all the treated surfaces. All the surfaces exhibited hydrophilicrty or water repellent 
capability in the area where the plasma contacted the substrate. Table 1 1 indicates the treating conditions and shows 
the measured angles. 



[0234] In the plasma discharge treatment apparatus of Example 41, the dielectric gas reservoir 74 which has the 
gas inlet pipe 76 and the electrode 72 along the gas outlet opening 77 was mechanically connected to the other elec- 
trode 73 by a computer controlled device 78 which was capable of controlling the relative positions among two opposing 
electrodes and the substrate to be treated. A firmly fixed substrate was a square tube made of unplasticized PVC 
having an outside dimension of 1 00 mm x 1 00 mm x 1 00 mm and a wall thickness of 2 mm. By manipulating the device 
78, the electrode 73 was positioned inside the square tube and the gas reservoir 74 was placed outside the tube so 
that the gas outlet opening 77 opposes the electrode 73 indirectly, but holds a distance of 10 mm between them and 
a distance of 2 mm between the electrode 73 and the inner surface of the tube. Surface treatment was conducted in 
the same conditions of Example 47 on the outer surface of the tube by moving the treatment apparatus. 
[0235] The contact angle of outer surface of the tube was measured at a 5 cm interval and readings of 20 to 25 
degrees were recorded, in contrast to the untreated contact angle of 81 degrees, which fact indicates the acquired 
hydrophilicity. 



[0236] A treating operation was tried in the same apparatus and the same conditions of Example 44 except that the 
applied voltage had a sine waveform of 12.2 kHz. But a high voltage over 10 kV was necessary to initiate a discharge, 
which was an arc, not a glow. Consequently the PET web was molten and the treatment failed. 
[0237] For a reference purpose, a very similar treatment was conducted by using a diluting gas of helium instead of 
argon. The result and the conditions are shown in Table 11 in the column of "reference". 
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[0238] In the apparatus of Fig. 28, two stainless steel (SUS 304) disks of 120 mm diameter which were opposing 
each other in 1 cm distance and had 1 mm holes in every 10 mm interval, constituted a pair of electrodes 82 and 83. 

5 Two short solid dielectric cylinders 84a and 84b of polyethyleneterephthalate, each having a 90 mm inner diameter, a 
110 mm outer diameter and a 5 mm length were placed between the electrodes concentrically. A 50 micron thick PET 
film (Lumirror T-50) having a size of 1 50 mm x 1 50 mm and an initial contact angle of 75 degrees was clamped between 
the dielectric walls 84a and 84b for water repellent treatment, which was conducted in the atmosphere of the treating 
gas specified in Table 12. The treating gas was fed into the treating space 91 continuously at the flow rate specified 

10 in Table 12 through the gas inlet pipes 87a and 87b under the atmospheric pressure. The pulse modulated electric 
field specified in Table 12 was imposed for the period specified in Table 12 to generate discharge plasma. 
[0239] Static contact angles were measured by dropping 2 microliter water on the water repellent surfaces of the 
treated samples. The angles were measured by the contact angle meter CA-X150 manufactured by Kyowa Interface 
Science, Ltd. The largest and the smallest readings are shown in Table 10. The contact angles are larger than those 

is of the untreated surface in the circular area of <p90 mm where the discharge plasma contacted the surface to make it 
water repellent. 

Example 51 

20 [0240] In the apparatus of Fig. 28, the upper electrode 82 was made of stainless steel (SUS 304) having <p1 mm 
holes in every 10 mm interval and a thermal spray coated surface film of 500 micron zirconium oxide stabilized by 
yttrium oxide. The upper solid dielectric wall 84a was made of polycarbonate but the lower wall 84b did not exist. A 
stainless steel (SUS 304) substrate having a dimension of 150 mm x 150 mm x 2 mm was directly placed on the lower 
electrode 83. A water repellent treatment was conducted in the atmosphere of the treating gas specified in Table 12 

25 fed into the treating space 91 continuously at the flow rate specified in Table 12 through the gas inlet pipes 87a and 
87b under the atmospheric pressure. The pulse modulated electric field specified in Table 12 was imposed for the 
period specified, in Table 12 to generate discharge-plasma on the upper side of the substrate. 
[0241] Static contact angle was measured on the water repellent surface of the treated sample in the same manner 
as Example 49 and the result is shown in Table 12. 1 

30 

Examples 52 and 53 

[0242] PET film substrates were treated to make the surfaces hydrophilic in the same apparatus and the same 
conditions of Example 49 except that the treating gas, the treating time and the pulse modulated electric field were 
35 altered as specified in Table 1 2. Static contact angles were measured on the treated samples in the same manner as 
Example 49 and the result is shown in Table 12. 

Example 54 

40 [0243] A PET film substrate was treated to make the upper surface water repellent and the lower surface hydrophilic, 
simultaneously, in the same apparatus and the same conditions of Example 49 except that the upper treating gas fed 
through the inlet 87a and the lower treating gas fed through the inlet 87b were different as specified in Table 12. The 
treating time and the pulse modulated electric field were altered as specified in Table 12. Static contact angles were 
measured on the treated sample in the same manner as Example 49 and the result is shown in Table 12. 

45 [0244] It was proved by the static contact angle measurements that the upper surface became water repellent and 
the lower surface hydrophilic in the circular area of 90 mm exposed to the plasma. 

Reference 9 

50 [0245] A treating operation was tried in the same apparatus and the same conditions of Example 49 except that the 
applied voltage had a sine waveform of 12.2 kHz. But a high voltage over 9 kV was necessary to initiate a discharge, 
which was an arc, not a glow state. Consequently the PET web was molten and the operation failed. For the reference 
purpose, a very similar treatment was conducted by using a helium diluting gas instead of argon. The result and the 
conditions are shown in Table 11 in the column of "Reference 9". 

55 
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[0246] The present invention basically provides a method and an apparatus to generate a stable and uniformly dis- 
persed discharge-plasma near, i.e. in and around, the atmospheric pressure regardless of the sort of a gas atmosphere. 
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density plasma, high level surface treatments can be achieved in a short time. The 
method will provide a significant advantage to the industrial processes of high speed continuous treatment. 
[0247] The invention provides open-to-air systems for a surface treatment, because the method does not require 
any particular atmosphere. This technique is expected to be applied in a wide range of industrial field. 
5 [0248] In the present, inventions, the high density discharge-plasma can be obtained in a proper gas atmosphere 
containing molecules of high MW. 

[0249] In one aspect, the present invention provides the method and the apparatus for a homogeneous, relatively 
fast, continuous surface treatments near the atmospheric pressure by preventing air intrusion to the plasma space. A 
counter-flow of treating gas over the surface of plasma contact greatly reduces the air intrusion. Thus, the invention 

10 provides the in-line treating process. 

[0250] The above mentioned discharge-plasma is generated by imposing a pulse modulated electric field, which 
allows to use a wider range of a treating gas and a wider range of applying voltage to create stable discharges over 
the prior art. The pulse modulated electric field also provides a high density discharge-plasma which is essential to the 
high speed continuous treatment. 

15 [0251] In another aspect, the present invention provides a surface treatment method of glow-discharge plasma for 
substrates of various configuration such as web, molded pieces etc. under atmospheric pressure. The method enables 
a continuous or a partial treatment by using a simple device and a small amount of treating gas, yet not causing uneven 
finish. This process can be incorporated in other processes and is adequate for the improvement of adhesive property 
and printability of webs or molded pieces, or for the quality augmentation in dust proof or conductivity. 

20 [0252] I n another aspect, the present invention provides an apparatus for a glow-discharge plasma treatment effected 
by imposing a specified pulse modulated electric field, which allows the high level, stable treatment under am atmos- 
pheric pressure and allows to use a wider range of a treating gas and a wider range of voltage to create stable discharges 
over the prior art. The specified pulse modulated electric field of this invention also provides a high density discharge- 
plasma which is preferred for the high speed continuous treatment. 

25 [0253] In another aspect, the present invention provides a method of glow-discharge plasma treatment in a gas 
atmosphere of atmospheric pressure, in which the discharge-plasma is caused to contact the surface of the substrate 
being treated to thereby easily achieve a partial surface treatment. 

[0254] In this method, the discharge-plasma is generated by imposing a pulse modulated electric field, which allows 
to use a wider range of treating gas and a wider range of voltage to create stable discharges over the prior art. The 
30 pulse modulated electric field also provides a high density discharge-plasma which is essential to the high speed 
continuous treatment. 

[0255] In another aspect, the present invention provides an apparatus of glow-discharge plasma treatment near the 
atmospheric pressure, by which the simultaneous treatment of both sides of a substrate can be conducted by a compact 
device, thus making the process simpler and enabling to be incorporated in other processes. 
35 [0256] In another aspect, the present invention provides a method and an apparatus for generating a glow-discharge 
by imposing a pulse modulated electric field, which does not transform to an arc discharge. 

[0257] In another aspect, the present invention provides a stable treatment method in the atmosphere of argon and/ 
or nitrogen which are more economical than helium. The method has a great commercial advantage. 
[0258] in another aspect, the present invention provides a method and an apparatus for generating a high density 
40 discharge-plasma under a relatively low voltage. This plasma achieves fast batch treatments or high speed continuous 
treatments. 

[0259] In another aspect, the present invention provides a thermally stable treating method by using an inorganic 
dielectric placed on the electrode, which also prevents an arc discharge. 

[0260] In another aspect, the present invention provides a method to generate a stable, uniformity dispersed and 
45 yet highly condensed discharge-plasma regardless of the sort of a gas atmosphere, which can achieve the accelerated 
and high level surface treatments. 

[0261] When the invention is applied to industrial processes of surface treatments for various materials and parts, 
the invention provides very significant results. 

50 

Claims 

1 . A method of glow discharge plasma treatment comprising the steps of providing two spaced electrodes (14, 15; 
31 , 32; 53, 54; 65, 54; 73, 77; 82, 83) with opposed surfaces, at least one said opposed surface being covered 
55 with a solid dielectric (1 6; 35; 59), placing a substrate between said opposed surfaces, and imposing an electric 

field between the opposing electrodes at around atmospheric pressure, the electric field being pulse modulated, 
with an onset time of a pulse of the electric field of less than 100 microseconds, and a field intensity of 1 to 100 
kV/cm, 
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e dielectric constant of said solid dielectric is 10 or more at 25°C. 

2. A method of glow discharge plasma treatment according to claim 1 wherein said opposed electrodes are in a 
closed treating chamber (12; 40; 52; 91) having an entrance (23; 57) and an exit (24; 58) for feeding a substrate, 

5 which allow gas to leak therethrough, said method comprising the steps of continuously moving a substrate through 

said entrance, between the two electrodes, and through said exit; and supplying a treating gas in the chamber to 
contact the substrate, the gas flowing in a direction opposed to the movement of the substrate. 

3. A method of glow discharge plasma treatment according to claim 1 wherein one said electrode is mounted on a 
10 gas reservoir (74), said reservoir being made of a solid dielectric and having a gas outlet opening (77), the method 

including the steps of placing a substrate between the gas outlet opening and the other said electrode, and ejecting 
a gas continuously from the gas outlet opening. 

4. A method of glow discharge plasma treatment according to claim 1 wherein the substrate is placed in a space 
15 between the two electrodes with surrounding walls made of a dielectric, the space being filled with a treating gas. 

5. A method according to any preceding claim wherein the electric field is pulse modulated at a frequency of 0.5 to 
100 kHz and has a pulse duration of 1 to 1000 microseconds in a cycle. 

20 6. A method according to any preceding claim wherein the electric field is pulse modulated in a high voltage pulse 
power unit, said unit comprising a source of high voltage direct current and a pulse controller converting said high 
voltage direct current to high voltage pulses by means of semiconductor elements having a turn-on time or a turn- 
off time of less than 500 nanoseconds. 

25 7. a method according to any preceding claim wherein the glow discharge plasma is generated in a gas atmosphere 
in which at least 10% of the gas has a molecular weight of 10 or more. 

8. A method according to any preceding claim wherein the glow discharge plasma is generated in a gas atmosphere 
containing at least one of argon and nitrogen. 

30 

9. A method according to any preceding claim wherein the glow discharge plasma is generated in a gas atmosphere 
containing a compound having a metal element. 

10. A method according to any preceding claim wherein the imposed electric field is pulse modulated and energised 
35 to generate a discharge current density of 0.2 to 300 mA/cm 2 between the electrodes. 

11. A method according to any preceding claim wherein the solid dielectric on said electrode surface is a metal oxide 
compound containing 5 to 50 weight percent titanium oxide and 50 to 95 weight percent aluminium oxide. 

40 12. A method according to any one of claims 1 to 11 wherein the solid dielectric on said electrode surface is a metal 
oxide compound containing zirconium oxide. 

13. Apparatus for glow discharge plasma treatment comprising two opposed electrodes (14, 15; 31 , 32; 53, 54; 65, 
54; 73, 77; 82, 83), with a solid dielectric (1 6; 35; 59) being disposed on a surface of at least one electrode; and 
45 a high voltage pulse power unit for generating a pulse modulated electric field between the electrodes with an 

onset time of a pulse of the electric field being less than 100 microseconds, and with a field intensity of 1 to 100 
kV/cm; 

characterised in that the dielectric constant of the solid dielectric is 10 or more at 25°C. 




so 14. Apparatus according to claim 13 and further comprising a closed treating chamber (12; 40; 52; 91) having an 
entrance (23; 57) and an exit (24; 58) and adapted for continuous transfer of a substrate from the entrance to the 
exit; and a gas spout (63; 64) in the treating chamber adapted to eject a treating gas for contacting the substrate, 
the ejection direction being opposed to the moving direction of the substrate. 

55 15. Apparatus according to claim 13 and further comprising a gas reservoir (74) made of a solid dielectric and having 
a gas outlet (77) opening for continuous ejection of treating gas, one said electrode being mounted near the gas 
outlet opening and the other said electrode being mounted opposite the gas outlet opening. 
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1 6. Apparatus according to claim 1 3 wherein solid dielectric walls surround the two electrodes to form a treating space, 
said space being provided with an inlet pipe for introducing a treating gas and an outlet pipe for removal of the 
treating gas. 

5 17. Apparatus according to any one of claims 1 3 to 1 6 wherein the power unit includes a source of high voltage direct 
current and a pulse controller for converting said high voltage direct current to high voltage pulses by means of 
semiconductor elements having a turn-on time and/or a turn-off time of less than 500 nanoseconds. 

1 8. Apparatus according to claim 1 7 wherein the pulse controller provides a discharge stopping time between the high 
io voltage pulses in one cycle, said discharge stopping time being formed at least once in 1 msec. 




Patents nspruche 

*s 1 . Verfahren zur Gasentladungsplasmabehandlung, umfassend die Schritte, zwei beabstandete Elektroden (14,15; 

31, 32; 53, 54; 65, 54; 73, 77; 82, 83) mit gegenuberliegenden Oberflachen bereitzustellen, wobei mindestens 
eine der gegenuberliegenden Oberflachen mit einem festen Dielektrikum (16; 35; 59) bedeckt ist, 
ein Substrat zwischen die gegenuberliegenden Oberflachen zu platzieren, und ungefahr bei Atmospharendruck 
ein elektrisches Feld zwischen die gegenuberliegenden Elektroden anzulegen, wobei das elektrische Feld mit 

20 einer Ansprechzeit eines Pulses des elektrischen Feldes von weniger als 1 00 Mikrosekunden und einer Feldstarke 

von 1 bis 100 kV/cm pulsmoduliert ist, 
dadurch gekennzeichnet, 

dass die Dielektrizitatskonstante des Dielektrikums bei 25°C 10 oder mehr betragt. 

25 2. Verfahren zur Gasentladungsplasmabehandlung nach Anspruch 1 , 

wobei die gegenuberliegenden Elektroden in einer geschlossenen Behandlungskammer (12; 40; 52; 91) sind, 

welche einen Eingang (23; 57) und einen Ausgang (24; 58), welche einem Gas ermoglichen, durch sie hindurch- 

zulecken, zum Beschicken mit einem Substrat aufweist, 

wobei das Verfahren die Schritte umfasst, 
30 ein Substrat kontinuierlich durch den Eingang, zwischen die zwei Elektroden hindurch und durch den Ausgang zu 

bewegen, und 

in die Kammer ein mit dem Substrat in Kontakt zu bringendes Behandlungsgas zuzufuhren, wobei das Gas in eine 
Richtung entgegengesetzt der Bewegung des Substrats stromt. 

35 3. Verfahren zur Gasentladungsplasmabehandlung nach Anspruch 1 , 

wobei die eine Elektrode auf einem Gasreservoir (74) befestigt ist, wobei das Gasreservoir aus einem festen 
Dielektrikum gefertigt ist und eine Gasauslassoffnung (77) aufweist, 
wobei das Verfahren die Schritte umfasst, 

ein Substrat zwischen die Gasauslassoffnung und die andere Elektrode zu platzieren, und 
40 ein Gas kontinuierlich aus der Gasauslassoffnung auszustoBen. 

4. Verfahren zur Gasentladungsplasmabehandlung nach Anspruch 1 , 

wobei das Substrat in einen Raum zwischen den zwei Elektroden mit umgebenden Wanden aus einem Dielektri- 
kum platziert wird, wobei der Raum mit einem Behandlungsgas gefullt wird. 

45 

5. Verfahren nach einem der vorhergehenden Ansprtiche, 

wobei das elektrische Feld bei einer Frequenz von 0,5 bis 100 kHz pulsmoduliert wird und eine Pulsdauer von 1 
bis 1000 Mikrosekunden in einem Zyklus aufweist. 

so 6. Verfahren nach einem der vorhergehenden Anspruche, 

wobei das elektrische Feld in einem Hochspannungspuls-Netzgerat pulsmoduliert wird, wobei das Gerat eine 
Hochspannungsgleichstromquelle und eine Pulssteuereinheit, welche mittels Halbleiterelementen mit einer Ein- 
schaltzeit Oder einer Ausschaltzeit von weniger als 500 Nanosekunden den Hochspannungsgleichstrom in Hoch- 
spannungspulse umwandelt, umfasst. 

55 

7. Verfahren nach einem der vorhergehenden Anspruche, 

wobei das Gasentladungsplasma in einer Gasatmosphare erzeugt wird, in der zumindest 10% des Gases ein 
Molekulargewicht von 10 oder mehr aufweist. 
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8. Verfahren nach einem der vorhergehenden Anspriiche, 

wobei das Gasentladungsplasma in einer Gasatmosphare erzeugt wird, welche zumindest Argon Oder Stickstoff 
enthalt. 

5 9. Verfahren nach einem der vorhergehenden Anspriiche, 

wobei das Gasentladungsplasma in einer Gasatmosphare erzeugt wird, welche eine Verbindung mit einem me- 
tallischen Element enthalt. 

10. Verfahren nach einem der vorhergehenden Anspriiche, 

10 wobei das angelegte elektrische Feld pulsmoduliert und angeregt wird, urn eine Entladungsstromdichte von 0,2 

bis 300 mA/cm 2 zwischen den Elektroden zu erzeugen. 

11. Verfahren nach einem der vorhergehenden Anspriiche, 

wobei das feste Dielektrikum auf der Elektrodenoberflache eine Metalloxidverbindung ist, welche 5 bis 50 Ge- 
ts wichtsprozent Titanoxid und 50 bis 95 Gewichtsprozent Aluminiumoxid enthalt 

12. Verfahren nach einem der Anspriiche 1 bis 11, 

wobei das feste Dielektrikum auf der Elektrodenoberflache eine Metalloxidverbindung ist, welche Zirkoniumoxid 
enthalt. 

20 

13. Vorrichtung zur Gasentladungsplasmabehandlung, umfassend 

zwei gegeniiberliegende Elektroden (14, 15; 31, 32; 53, 54; 65, 54; 73, 77; 82, 83), 

wobei ein testes Dielektrikum (16; 35; 59) auf einer Oberflache mindestens einer Elektrode angeordnet ist, und 
ein Hochspannungspuls-Netzgerat zum Erzeugen eines pulsmodulierten elektrischen Feldes zwischen den Elek- 
25 . troden mit einer Ansprechzeit eines Pulses des elektrischen Feldes von weniger als 100 Mikrosekunden und einer 
* Feldstarke von 1 bis 100 kV/cm, 
dadurch gekennzeichnet, 

dass die Dielektrizitatskonstante des Dielektrikums bei 25°C 10 oder mehr betragt. 

30 14. Vorrichtung nach Anspruch 13, weiterhin umfassend 

eine geschlossene Behandlungskammer (12; 40; 52; 91) mit einem Eingang (23; 57) und einem Ausgang (24; 58) 
und ausgelegt fur einen kontinuierlichen Transfer eines Substrats von dem Eingang zu dem Ausgang, und 
einen Gasausfluss (63; 64) in der Behandlungskammer, welcher ausgelegt ist, ein Behandlungsgas auszustoBen, 
urn mit dem Substrat in Kontakt zu kommen, wobei die AusstoBrichtung entgegengesetzt zu der Bewegungsrich- 

35 tung des Substrats ist. 

15. Vorrichtung nach Anspruch 13, weiterhin umfassend 

ein aus einem festen Dielektrikum gefertigtes Gasreservoir (74) mit einer Gasauslassoffnung (77) zum kontinu- 
ierlichen AusstoBen eines Behandlungsgases, 
40 wobei eine Elektrode nahe der Gasauslassoffnung und die andere Elektrode gegeniiber der Gasauslassoffnung 

befestigt ist. 

16. Vorrichtung nach Anspruch 13, 

wobei Wande ausfestem Dielektrikum die zwei Elektroden zur Ausbildung eines Behandlungsraums umgegeben, 
45 wobei der Raum mit einem Einlassrohrzum Einlassen eines Behandlungsgases und einem Auslassrohr zum Ent- 

fernen des Behandlungsgases ausgestattet ist. 

17. Vorrichtung nach einem der Anspriiche 13 bis 16, 

wobei das Netzgerat eine Hochspannungsgleichstromquelle und eine Pulssteuereinheit zum Umsetzen des Hoch- 
50 spannungsgleichstroms in HochspannungspulsemittelsHalbleiterelementen mit einer Einschaltzeitund/oder einer 

Ausschaltzeit von weniger als 500 Nanosekunden umfasst. 

18. Vorrichtung nach Anspruch 17, 

wobei die Pulssteuereinheit eine Entladungsstoppzeit zwischen den Hochspannungspulsen in einem Zyklus be- 
55 reitstellt, wobei die Entladungsstoppzeit zumindest einmal in 1 Millisekunde ausgebildet wird. 
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1. ProcEdE de traitement au plasma de dEcharge luminescente comprenant les Etapes consistant k Installer deux 
Electrodes espacees (14, 15 ; 31 , 32 ; 53, 54 ; 65, 54 ; 73, 77 ; 82, 83) avec des surfaces opposEes, au moins une 

5 desdites surfaces opposEes Etant recouverte d'un diElectrique solide (1 6 ; 35 ; 59), placer un substrat entre lesdites 

surfaces opposees, et imposer un champ Electrique entre les electrodes opposEes k environ la pression atmos- 
phErique, le champ electrique Etant module par impulsions, avec un temps de montee d'une impulsion du champ 
electrique inferieur a 100 microsecondes et une intensity de champ de 1 & 100 kV/cm, 

caracterise en ce que la constante diElectrique dudit diElectrique solide est de 10 ou plus k 25°C. 

10 

2. ProcEdE de traitement au plasma de dEcharge luminescente selon la revendication 1 , dans lequel lesdites elec- 
trodes opposees se trouvent dans une chambre de traitement fermee (12 ; 40 ; 52 ; 91) ayant une entree (23 ; 57) 
et une sortie (24 ; 58) autorisant le passage d'un substrat, qui permettent k un gaz de fuir a travers celui-ci, ledit 
procede comprenant les Etapes consistant a deplacer en continu un substrat k travers ladite entree, entre les deux 

15 Electrodes, et k travers ladite sortie ; et k dElivrer un gaz de traitement dans la chambre pour toucher le substrat, 

le gaz s'ecoulant dans une direction opposee au deplacement du substrat. 

3. Procede de traitement au plasma de decharge luminescente selon la revendication 1 , dans lequel une desdites 
electrodes est montee sur un reservoir de gaz (74), ledit reservoir etant fabriquE en un diElectrique solide et ayant 

20 une ouverture de sortie de gaz (77), le procede comprenant les etapes consistant a placer un substrat entre 

I'ouverture de sortie de gaz et I'autre desdites electrodes, et k ejecter un gaz en continu par I'ouverture de sortie 
de gaz. 

4. Procede de traitement au plasma de decharge luminescente selon la revendication 1 , dans lequel le substrat est 
25 place dans un espace entre les deux electrodes avec des parois peripheriques realisees en un dielectrique, res- 
pace Etant rempli d'un gaz de traitement. 

5. ProcEdE selon une quelconque revendication prEcEdente, dans lequel le champ Electrique est modulE par impul- 
sions k une frEquence de 0,5 a 100 KHz et a une durEe d'impulsion de 1 k 1 000 microsecondes dans un cycle. 

30 

6. ProcEdE selon une quelconque revendication prEcEdente, dans lequel le champ Electrique est module par impul- 
sions dans une unitE gEnEratrice d'impulsions k haute tension, ladite unitE comprenant une source de courant 
continu k haute tension et un controleur d'impulsions convertissant ledit courant continu a haute tension en im- 
pulsions k haute tension k I'aide d'Elements semi-conducteurs ayant un temps d'Etablissement ou un temps de 

35 coupure infErieur k 500 nanosecondes. 

7. ProcEdE selon une quelconque revendication prEcEdente, dans lequel le plasma de decharge luminescente est 
gEnErE dans une atmosphEre gazeuse dans iaquelle au moins 10% du gaz a un poids molEculaire de 1 0 ou plus. 

40 8. ProcEdE selon une quelconque revendication prEcEdente, dans lequel le plasma de decharge luminescente est 
. gEnErE dans une atmosphere gazeuse contenant au moins un gaz parmi I'argon et I'azote. 

9. ProcEdE selon une quelconque revendication prEcEdente, dans lequel le plasma de decharge luminescente est 
gEnErE dans une atmosphEre gazeuse contenant un composE ayant un ElEment mEtallique. 

45 

10. ProcEdE selon une quelconque revendication prEcEdente, dans lequel le champ Electrique imposE est module par 
impulsions et excitE pour gEnErer une densite de courant de dEcharge de 0,2 k 300 mA/cm 2 entre les electrodes. 

11. ProcEdE selon une quelconque revendication prEcEdente, dans lequel le dielectrique solide sur ladite surface 
so d'Electrode est un composE d'oxyde mEtallique contenant de 5 a 50 pour cent en poids d'oxyde de titane et de 50 

a 95 pour cent en poids d'oxyde d'aluminium. 

12. ProcEdE selon I'une quelconque des revendications 1 a 11 , dans lequel le dielectrique solide sur ladite surface 
d'Electrode est un composE d'oxyde mEtallique contenant de I'oxyde de zirconium. 

55 

13. Appareil pour le traitement au plasma de dEcharge luminescente comprenant deux electrodes opposEes (14, 15 ; 
31 , 32 ; 53, 54 ; 65, 54 ; 73, 77 ; 82, 83), un diElectrique solide (16 ; 35 ; 59) Etant disposE sur une surface d'au 
moins une Electrode ; et une unitE gEnEratrice d'impulsions a haute tension destinEe a gEnErer un champ Electrique 
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moduli par impulsions enfreTes electrodes avec un temps de montee d'une impulsion du champ electrique inferieur 
k 100 microsecondes et une intensite de champ de 1 k 100 kV/cm ; 

caracterise en ce que la constante dielectrique du dielectrique solide est de 10 ou plus k 25°C. 

5 14. Appareil selon la revendication 13 et comprenant en outre une chambre de traitement fermee (12 ; 40 ; 52 ; 91) 
ayant une entree (23 ; 57) et une sortie (24 ; 58) et adaptee pour permettre un transfert continu d'un substrat 
depuis I'entree jusqu'& la sortie ; et un gicleur de gaz (63 ; 64) dans la chambre de traitement adapte pour ejecter 
un gaz de traitement de facon k toucher le substrat, la direction d'ejection etant opposee k la direction de depla- 
cement du substrat. 



15. Appareil selon la revendication 13 et comprenant en outre un reservoir de gaz (74) fabrique en un dielectrique 
solide et ayant une ouverture de sortie de gaz (77) permettant une ejection continue de gaz de traitement, une 
desdites electrodes etant montee pres de I'ouverture de sortie de gaz et I'autre desdites electrodes etant montee 
en face de I'ouverture de sortie de gaz. 



16. Appareil selon la revendication 13, dans lequel les parois du dielectrique solide entourent les deux electrodes pour 
former un espace de traitement, ledit espace etant pourvu d'un tuyau d'entree destine a permettre Pintroduction 
d'un gaz de traitement et d'un tuyau de sortie destine a permettre I'evacuation du gaz de traitement. 

20 17. Appareil selon Tune quelconque des revendications 13 & 16, dans lequel I'unite generatricecomprend une source 
de courant continu a haute tension et un controleur d'impulsions pour convertir ledit courant continu k haute tension 
en impulsions a haute tension a I'aide d'elements semi-conducteurs ayant un temps d'etablissement et/ou un 
temps de coupure inferieur a 500 nanosecondes. 

25 18. . Appareil selon la revendication 17, dans lequel le controleur d'impulsions produit un temps d'arret de decharge 



entre les impulsions k haute tension dans un cycle, ledit temps d'arret de decharge 6tant forme au moins une fois 
en I'espace de 1 msec. 
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Fig. 5 
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Fig. 7 
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Fig. 14 




47 




48 



EP 0 809 275 B1 




49 



EP 0 809 275 B1 



Fig. 17 
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Fig. 25 
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Fig. 28 
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